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Summary 

The monitoring of spacecraft life support systems for the presence of health 
threatening microorganisms is paramount for crew well being and successful 
completion of missions. Development of technology to monitor spacecraft recycled 
water based on detection and identification of the genetic material of contaminating 
microorganisms and viruses would be a substantial improvement over current NASA 
plans to monitor recycled water samples that call for the use of conventional 
microbiology techniques which are slow, insensitive, and labor intensive. 

The union of the molecular biology techniques of DNA probe hybridization and 
polymerase chain reaction (PCR) offers a powerful method for the detection, 
identification, and quantification of microorganisms and viruses. This technology is 
theoretically capable of assaying samples in as little as two hours with specificity and 
sensitivity unmatched by any other method. A major advance in probe- 
hybridization/PCR has come about in a technology called TaqMan™, which was 
invented by Perkin Elmer. Instrumentation using TaqMan concepts is evolving 
towards devices that could meet NASA’s needs of size, low power use, and simplicity 
of operation. The chemistry and molecular biology needed to utilize these probe- 
hybridization/PCR instruments must evolve in parallel with the hardware. The 
following issues of chemistry and biology must be addressed in developing a monitor. 

• Early in the development of a PCR-based microbial monitor it will be necessary to 
decide how many and which organisms does the system need the capacity to 
detect. We propose a set of 17 different tests that would detect groups of bacteria 
and fungus, as well as specific eukaryotic parasites and viruses. 

• In order to use the great sensitivity of PCR it will be necessary to concentrate water 
samples using filtration. If a lower limit of detection of 1 microorganism per 100 ml 
is required then the microbes in a 100 ml sample must be concentrated into a 
volume that can be added to a PCR assay. 

• There are not likely to be contaminants in ISSA recycled water that would inhibit 
PCR resulting in false-negative results. 
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• The TaqMan PCR product detection system is the most promising method for 
developing a rapid, highly automated gene-based microbial monitoring system. 
The method is inherently quantitative. NASA and other government agencies have 
invested in other technologies that, although potentially could lead to revolutionary 
advances, are not likely to mature in the next 5 years into working systems. 

• PCR-based methods cannot distinguish between DNA or RNA of a viable 
microorganism and that of a non-viable organism. This may or may not be an 
important issue with reclaimed water on the ISSA. The recycling system probably 
damages the capacity of the genetic material of any bacteria or viruses killed 
during processing to serve as a template in a PCR designed to amplify a large 
segment of DNA (>650 base pairs). If necessary vital dye staining could be used in 
addition to PCR, to enumerate the viable cells in a water sample. 

• The quality control methods have been developed to insure that PCRs are working 
properly, and that reactions are not contaminated with PCR carryover products 
which could lead to the generation of false-positive results. 

• The sequences of the small rRNA subunit gene for a large number of 
microorganisms are known, and they constitute the best database for rational 
development of the oligonucleotide reagents that give PCR its great specificity. 
From those gene sequences, sets of oligonucleotide primers for PCR and TaqMan 
detection that could be used in a NASA microbial monitor were constructed using 
computer based methods. 

In addition to space utilization, a microbial monitor will have tremendous terrestrial 
applications. Analysis of patient samples for microbial pathogens, testing industrial 
effluent for biofouling bacteria, and detection of biological warfare agents on the 
battlefield are but a few of the diverse potential uses for this technology. Once fully 
developed, gene-based microbial monitors will become the fundamental tool in every 
lab that tests for microbial contaminants, and serve as a powerful weapon in 
mankind’s war with the germ world. 
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Introduction 

Safe water to drink and air to breathe are essential for human life. A critical aspect of 
air and water safety is the absence of pathogenic microorganisms; however the closed 
nature of spacecraft environments makes control of microbial contaminants all the 
more critical and difficult. That need is compounded by the attenuation of human 
immune system function due to long term exposure to microgravity.' To achieve control 
of microorganisms in spacecraft, NASA must develop environmental sensors capable 
of monitoring the microbial content of recycled air and water. Traditionally, analysis of 
environmental samples for microbial pathogens relied on culturing the organisms on 
suitable growth media or propagation of viruses in tissue culture cells. Such methods 
are costly, slow in that some species of bacteria may take as long as 2 weeks to 
culture, and in many cases ineffective. Perhaps 99% of all organisms in environmental 
samples may not be culturable. 2 Although the current plan for monitoring microbial 
contamination on ISSA will utilize culture methods, new technologies for microbial 
detection are under development that could let astronauts know in 2 hours instead of 
1-14 days if there were dangerous pathogens in their air or water. The most promising 
of these technologies is based upon a technique called PCR, for polymerase chain 
reaction. 

PCR is a powerful technique invented by Nobel laureate Kerry Mullis that allows 
enzymatic amplification of DNA segments in vitro through a succession of incubation 
steps at different temperatures. 3, *■ 5 Typically, the double-stranded DNA is heat- 
denatured, two oligonucleotide primers (the PCR primers) that are complementary to 
the 3’ boundaries of the target DNA segment are annealed at low temperature, and 
then enzymatically extended by Taq DNA polymerase at an intermediate temperature. 
One set of these three steps is referred to as a cycle, and the instrument that 
repeatedly changes the temperature of a PCR sample is called a themnocycler. The 
PCR process is based on repetition of this cycle and amplify DNA segments, called 
amplicons, by 10 5 to 10 9 fold. 
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The technique is relatively new; however it is being used increasingly as a method of 
diagnosing and precisely identifying microbial contamination in environmental, 
clinical, and industrial samples. As with any new scientific technique, it is continually 
being refined and improved. This report is an evaluation of the state of PCR science as 
it applies to the needs of NASA to develop a microbiology monitor for use aboard 
spacecraft. We have evaluated the scientific literature; talked with scientists in 
academia, government, and industry; and using DNA informatics methods, designed a 
set of oligonucleotides that could be used to detect potential pathogens in recycled 
water. 
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Section 1. 

What Pathogenic Microorganisms Must a Spacecraft Microbial 
Water Quality Monitoring System Be Capable of Detecting? 

NASA has spent =8 million dollars in the development and construction of a system to 
convert all of the waste water on the ISSA into potable water. In tests of NASA’s water 
reclamation system at the Marshall Space Flight Center (MSFC) in Huntsville, 
Alabama, Staphlococcus sp., and Pseudomonas picketti were among the bacterial 
taxons identified from clean water ports. 1 Additionally, in a small scale PCR based 
analysis project DNAs from Legionella sp., Salmonella sp. and pathogenic 
Escherichia coli were amplified from clean water ports. 2 On the Russian space station 
Mir, cosmonauts had a high incidence of skin and gastro-intestinal infections. Clearly, 
current technology is incapable of completely controlling the occurrence of potential 
pathogens in space environments. 

Currently, NASA plans to monitor ISSA air and potable water for microorganisms as 
described in the Table 1-1. Bacterial and fungal assays will be performed in flight by 
passing air or water through membrane filters and culturing filtered organisms on R2A 
and other media. Specific analysis for viruses and the listed air based organisms will 
be done on Earth. 


Table 1-1. In flight microbiological limits for ISSA air and water. 


Air Quality Requirements 

Water Quality Requirements 

Total Bacteria 

| 

Total Bacteria & Fungi 

<100 CFU/100 ml 

Total Fungi 


Total Coliform Bacteria 

0 GFU/100 ml 

Branhamella catarrhalis 


Total Viruses 

0 PFU/100 ml 

Neisseria meningitidis 

0 CFU/nrT 

„ 

Salmonella spp. 


Shigelfa spp. 

| 

Streptococcus pyogenes 


Aspergillus fumigatus 

1 

Cryptococcus neoformans 

1 
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Although the ISSA water quality requirements are tractable for culture based analysis, 
if it were technically feasible, spacecraft water should be tested for a more 
comprehensive list of potential pathogens. One of the important capabilities of PCR 
based methods for microbial analysis is the ability to identify defined targets. That 
specificity can theoretically be tailored to any taxonomic level, from species to 
kingdom. PCR conditions can be designed to specifically amplify almost any unique 
genetic element. Our consultants, Dr. James Barbaree and Dr. Joseph Gauthier, both 
experts in the area of water quality, constructed lists of potentially significant 
pathogens for which a comprehensive water quality monitor should test. Dr. 
Barbaree’s list is comprehensive in its inclusion of all microorganisms that might be 
hazards in reclaimed water (Appendix B). Dr. Gauthier’s list was much shorter and 
more directed towards the organisms likely to be encountered; however even it 
contained some organisms that probably would not be a risk in spacecraft water 
(Appendix A). 

After evaluating the aforementioned two lists, several generations of tests on the ISSA 
water reclamation system at the MSFC, and consulting guidelines from the American 
Public Health Association 3 , and U.S. Environmental Protection Agency 4 , we compiled 
a consensus list of infectious agents and groups of agents that could be potential 
hazards in ISSA recycled water (Table 1-2). The most important microbial taxons are 
placed at the top of the list, i.e. all bacteria and fungi, Legionella sp., enteric bacteria, 
and Gram positive bacteria. Thiobacillus sp. and Pseudomonas sp. (also an 
opportunistic pathogen) were included on the list because they are associated with 
fouling (biofilm production) in wastewater treatment processes, and thus indirectly 
could pose a health problem in spacecraft by damaging water processing systems. 

Because long-term habitation of a microgravity environment results in diminution of 
immune system function, it is inevitable that most infections occurring in space will 
result from normal human flora being exchanged between crew members and from 
opportunistic environmental pathogens. It will be impossible to keep normal human 


Section 1 - Page 2 



PCR-Based Microbial Monitor 


Table 1-2. Composite list of infectious agents that are potential hazards in ISSA 
recycled water for which a PCR based monitor should analyze. 


Microorganism or Virus 

1. Any Bacteria 

2. Any Fungi 

3. Legionella sp. 

4. Enteric Bacteria 

5. Gram Positive Bacteria 

6. Pseudomonas aeruginosa 

7. Pseudomonas sp. 

8. Mycoplasma sp. 

9. Acinetobacter sp. 

10. Listeria sp. 

11. Thiobacillus sp. 

12. Cryptosporidium 

13. Candida albicans 

14. Cryptococcus sp. 

15. Norwalk Virus 

16. Hepatitis A Virus 

17. Rotavirus 


flora or ubiquitous microorganisms out of the ISSA. Infections, which may result in 
disease will probably come from contact with organisms not normally considered 
pathogens in a healthy adult population such as astronauts. There is a risk of making 
our list of probable pathogens too exclusive, accordingly we have included assays for 
microbes unlikely to cause problems such as Mycoplasma and Acinetobacter. 
Although spacecraft crews will undergo rigorous medical screening before launch to 
prevent potential carriers of microbial pathogens from infecting their colleagues in 
space, the same intense screening will not be applied to every technician who comes 
in contact with the spacecraft and its cargo as it is being prepared for launch. Many 
microorganisms and viruses can persist for long periods of time on surfaces, and an 
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infected launch site worker or insect vector could unwittingly contaminate a spacecraft 
days or weeks before launch with a pathogen such as a Gram positive bacillus, fungal 
spore, or enterovirus for which the astronauts are routinely screened. 

In Section 7 of this report we present lists of PCR primers and probes designed to 
specifically detect a number of organisms not listed in Table 1-2. Because we envision 
PCR based microbial monitor technology will be used both in space and on Earth for 
water quality analysis, we included organisms in the primer design section which 
would need to be considered in terrestrial applications. 

Although we list three viral pathogens, assays to detect viruses in ISSA water may be 
of little value for two reasons. First, because viruses are obligate parasites and can 
replicate only in host cells, no increase in viral titer can take place as a result of viral 
replication in the water. Any virions in the water system will have to have passed 
through the entire water purification process or have been deposited on the clean 
water side of the purification system. Viral titers should always be very low if not zero. 
Second, although PCR based methods can detect as little as a single nucleic acid 
template, sample concentration is necessary in order to effectively utilize PCR's great 
sensitivity 5 (see Section. 2). Currently available sample concentration techniques are 
based on filtration, and because viruses are so very small, current filtration methods 
are largely ineffective for collecting viruses. Environmental sampling methods have 
been reported that use filtration to concentrate viruses in sea water for detection by 
PCR; 6 however in the ultrapure low conductivity water generated by the ISSA water 
reclamation system, filter concentration of viruses would probably not be possible 
given the size and power consumption requirements of the ISSA. Nonetheless, one of 
the principle rationales for incorporating viral testing capability into any PCR based 
system would be for spin-off terrestrial uses where such a viral monitor could have 
numerous uses in both clinical and environmental settings. 
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Section 2. 

Current and Projected Methods for 
Pre-PCR Sample Concentration 

Although PCR based methods are capable of detecting a single target organism or 
virion, it is essential that samples be concentrated in order to attain a high sensitivity 
per unit volume. NASA specifications call for detection of a single organism in 100 ml 
of water. However because PCR samples are typically 40 pi or less, without 
concentration the lower limit of detection is 25 PCR templates/ml because 1 template 
per 40 pi corresponds to 2500 templates per 100 ml sample. To attain a lower limit of 
detection of 1 microorganism in 100 ml it is necessary to concentrate any 
microorganisms in a 100 ml water samples so that they can all go into a 50 pi PCR 
reaction. This is a decrease in volume of at least 2500 fold. 

Additionally, because we envision analyzing water for perhaps as many as 20 different 
microorganisms or groups of microorganisms it will be necessary to concentrate more 
than a single 100 ml sample of water if the 1 template per 100 ml lower limit of 
detection is to be achieved. For that sensitivity, each PCR sample will need a 100 ml 
water sample that had had any microorganisms present concentrated 2500 fold. The 
TaqMan™ technology for analysis of PCR products we propose NASA use (described 
in Section 4) can be configured to simultaneously test for 2 different templates in a 
single multiplex PCR reaction. Thus to assay for 20 different microbial taxons with the 
prescribed limit of detection, 10 multiplex PCRs would be needed and the potential 
PCR targets in 1 liter of water would need to concentrated into approximately 400 pi of 
water. Importantly, although 1 liter would be a large volume of water given the 
limitations of the ISSA, the sample concentration process need not consume more 
than 400 pi of that amount and event that water could be reclaimed after the PCR 
assays. 

Two basic strategies have been used for concentration of microorganisms: 
centrifugation and filtration. Centrifugation is unlikely to be suitable because of the 
large sample volumes that would need to be concentrated as well as the power and 
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space requirements for a centrifuge that could pellet bacteria and viruses from one liter 
of water. Accordingly, filtration is a much more tractable option for the necessary 
sample concentration. Bacteria and eukaryotic parasites such as Cryptosporidium are 
large enough to be concentrated using filtration methods; however viruses are too 
small to be efficiently filtered using standard technologies and as a result are usually 
concentrated by centrifugation or vortex flow filtration. 1 

Using filtration, single cells of microorganisms in 100 ml water samples can be 
detected by PCR. 2,3 Samples were concentrated onto filters and the DNA of the 
microorganisms was released by freeze-thaw cycling prior to PCR. PCR can be 
performed without removing the filters. The choice of filtration media is critical. PCR 
amplification is unaffected by polyvinylidine fluoride filters and polytetrafluoroethylene 
filters, marketed by Millipore as Durapore® and Fluoropore® filters respectively. 
Cellulose acetate and nitrocellulose filters inhibit PCR amplification, presumably 
because DNA binds to the filter matrix. 2,3 

Filtration of water aboard the ISSA 

Development of a system of filtration for use on the ISSA may prove to be problematic. 
Any filtration system must have a number of characteristics consistent with the NASA 
prescribed characteristics for a microbial monitor as well as for incorporation into a 
PCR based system: 

• The filtration process must integrate with the ISSA water system and the PCR 
processor. 

• The system must use minimal amounts of power, space, and water. 

• If possible the filtration system should be fully automated, so that zero or minimal 
ISSA crew effort is expended to make it function. 

• The filtration system will need to be kept sterile so that no microbial contamination 
from outside the water system becomes a source of false positive PCR results. 
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One liter water samples will need to be taken at some defined interval, perhaps daily, 
from the clean water side of the ISSA water system. Where should the water collection 
site be? Environmental detection of Legionella is usually done at all of the end use 
ports because those bacteria may exclusively colonize one site such as a shower 
head. On the ISSA it may be possible to collect water from every port; however that 
would require active crew involvement in the microbial monitoring process. Even if all 
the water was collected from a single port, probably the drinking water port, 
development of an instrument that would collect, filter, and recycle one liter of water on 
a daily basis and then transfer the filter to the PCR processor would be an elaborate 
and expensive project. Alternatives that require crew involvement could probably be 
developed using modifications of existing technology. For instance, an astronaut 
could collect the liter of water into a manifold that holds 10 filters. Thus 100 ml could 
be forced by compressed air or vacuumed through the filters (the ISSA does have a 
vacuum source for use in the hygene system), and then the water could be returned to 
the stainless steel bellows tanks or used directly. The filtration would constitute an 
additional purification step. Once the filtration was complete, an astronaut would then 
aseptically transfer the filters to the PCR sample tubes. Aseptic transfer so that no 
microbes form outside the water system contaminate the PCR samples could be 
difficult to accomplish; however methods and an appropriate apparatus should be 
possible to devise. 
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Section 3. 

Does the MSFC Water Reclamation System Introduce Chemicals 
into Water That Would Inhibit a PCR-Based Microbial Monitor? 

Can PCR be done on water reclaimed by the system designed for use aboard the 
ISSA? Yes, in analyses performed on samples from the Stage 7 and Stage 8 test of 
the water reclamation system at MSFC, PCR was shown to be an effective and 
sensitive tool to monitor microbial contaminants. 1 Are there chemicals in the reclaimed 
water that inhibit PCR assays? That question must have the qualified answer of 
probably not, but we do not know for sure. The principle reason there are not likely to 
be any inhibitors of PCR is that as a result of the high efficiency of the water 
reclamation system, the recovered water is extremely clean. Chemical analysis of the 
MSFC reclaimed water for a great number of elements showed only iodine, which is 
used as a biocide, is present in greater than mg/L amounts (Table 3-1). We cannot be 
sure because although PCR analysis of the Stage 7 and 8 samples was successful, 
the scientist who performed those tests, Dr. Asim Bej of the University of Alabama at 
Birmingham, stated no effort was made to determine if there were PCR inhibitors in the 
water that would make the tests less sensitive. 2 

There are a number of chemicals that have been reported to inhibit the PCR enzymes; 
however none of the chemicals identified in the MSFC recycled water are present at 
concentrations known to inhibit PCR. There are no reports in the literature 
documenting the effect of iodine on PCR. The aforementioned work by Asim Bej on 
the Stage 7 and 8 samples of MSFC recycled water suggests iodine is 
inconsequential. 1 Another potential contaminant whose effect on PCR has not been 
reported is silver. The Russian space program employs silver as a biocide in its water 
reclamation system. 3 Solubilized metals can affect PCR. High levels of iron have 
been reported to inhibit Taq DNA polymerase, the PCR enzyme; however no other 
metals have been reported to affect PCR. 4 

Development of a PCR based microbial monitor for the ISSA should have as one its 
initial steps experiments to determine if the MSFC recycled water contains inhibitors of 
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PCR. Additionally, the affects on PCR of iodine concentrations greater than the 2.3 
mg/L average value found in the MSFC recycled water, and silver in the concentration 
range found in Mir recycled water should be tested. 


Table 3-1. Chemicals identified in the MSFC recycled water. 1 


Parameter 

Units 

Detected 

Average 

(Z)-9-octadecan-1-ol 

pg/L 

6.6 

1 -methyl-2-piperdinone 

_ _ ^ 

14 

1 -methyl-2-pyrrolidinone 

HS/L 

226 

2-ethyl-12-hexanol 

pg/L 

8.9 

toluene 

pg/L 

3 

acetic acid 

mq/L 

0.21 

B-hydroxy butyric acid 

mg/L 

6.32 

ethanol 

mg/L 

0.54 

formaldehyde 

mg/L 

0.1 

glycolic acid 

mg/L 

0.2 

oxalic acid 

mg/L 

0.9 

propionic acid 

mg/L 

0.32 

aluminum 

mq/L 

0.6 

barium 

mg/L 

0.01 

calcium 

mq/L 

0.06 

chloride 

mg/L 

0.08 

fluoride 

mq/L 

0.06 

iron 

mq/L 

0.01 

manganese 

mg/L 

0.008 

nickel 

mq/L 

0.03 

nitrate 

mq/L 

0.16 

phosphate 

mgt 

0.47 

potassium 

mq/L 

0.21 

sodium 

mq/L 

0.63 

sulfate 

mg/L 

0.22 

residual iodine 

mq/L 

2.3 

iodide 

mg/L 

0.64 

conductivity 

WKSSSSESSMM 

5.6 

PH 

pH units 

7 (4.4-8.5) 

total organic carbon 

mgL. 

0.59 


Analyzed for, but not detected 

Cadmium 

Lead 

Magnesium 

Copper 

Selenium 

Silver 

Molybdenum 

Arsenic 

Chromium 

Zinc 
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Section 4. 

Current and Projected Methods for Quantitative 
Analysis of Post-PCR Products 


Gene-based microbial analysis: PCR 

Since PCR’s invention in 1985 as a method for the prenatal diagnosis of sickle cell 
anemia, 1 PCR has rapidly become the basic tool in all types of genetic diagnosis. For 
detection of low levels of microbial contamination in almost any kind of sample, PCR 
based methods are unsurpassed in speed, specificity, and sensitivity. PCR is based on 
the concept that repetition of a DNA extension reaction bounded by two synthetic 
oligonucleotide primers would generate a large quantity of any specified DNA 
sequence. Culture based microbial analysis relies on the reproduction of individual 
organisms until sufficient progeny exist to constitute a colony that can be easily 
detected, and identified based on a phenotype. Similarly, PCR based microbial 
monitoring replicates a specific segment of a target microbe’s genome to a 
concentration sufficient for detection and characterization. As the number of colonies 
on a bacterial assay plate is a quantitative function of the number of that bacteria in a 
sample, so can the number of copies of a PCR amplified DNA sequence be a function 
of number of those sequences in the sample prior to PCR. It is important to note that 
because the efficiency of amplification varies among different templates and primer 
sets, so quantitative PCR assays must be evaluated independently. 

In most current PCR applications, to analyze post-PCR products for amplified DNA 
sequences, called amplicons, there are two basic methods. Most simply, the PCR 
products are size fractionated by gel electrophoresis, stained with a fluorescent dye, 
and any amplicons present are visualized by exposing the gel 'to UV light. An 
alternative and vastly more sensitive method, often referred to as Southern blotting 
and hybridization, fixes any amplicons present to a substrate, usually after gel 
fractionation. The double stranded DNA amplicons are then denatured and the 
substrate, usually a nylon membrane, is incubated with a fluorescently dr radioactively 
labeled oligonucleotide probe. The probe specifically hybridizes to a complementary 
sequence of any amplicons present and the amplicons are visualized by detecting the 
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bound probe using either radioactivity or fluorescence detection methods. Thus probe- 
hybridization/PCR offers increased sensitivity and specificity over direct analysis of 
PCR products; however the time (hours to days) and technical requirements of both 
methods of post-PCR product analysis make them unsuitable for NASA’s needs. 

Although these gel electrophoresis based methods for post-PCR analysis are in wide 
use in <esearch and diagnostic labs, the techniques are too slow, and labor intensive 
for both NASA’s needs, and to fulfill the promise of PCR as a rapid, highly automated 
diagnostic tool. For gene-based diagnostic technology to work as an effective 
microbial monitor the analysis of post-PCR products will have to advance beyond gel 
separation based methods. Otherwise alternative technologies such as described 
below, that do not rely on PCR, will need to be developed. 

Alternative Gene-based diagnostic methods 

DNA probe-hybridization techniques are under development that should lack some of 
the problems of speed and labor intensiveness characteristic of standard probe- 
hybridization/PCR. NASA has funded two of these efforts via Small Business 
Innovation Research contracts. Both methods rely on hybridization of fluorescently 
tagged oligonucleotide probes to bacterial ribosomal RNA (rRNA) molecules. 
BioTechnical Resources L.P.’s direct hybridization method can detect 10 4 bacteria in 
about 8 hours. 2 Although the method is simple and low-tech, its sensitivity is unsuitable 
for NASA’s stated needs. Many probe-hybridization/PCR based methods can detect a 
single organism. 3 Genometrix Inc. is developing silicon microchips on which arrays of 
different oligonucleotides probes for rRNA sequences are bound at specific 
addresses. The rRNAs of any bacteria in a sample would specifically hybridize to their 
complementary probe on the microchip. Next, in a second hybridization step, labeled 
oligonucleotide probes would anneal to the bacterial rRNAs already bound to the 
microchip. A charged-coupled device (CCD) detector would then determine which 
locations on the chip had the tagged oligonucleotide attached. Genometrix predicts 
they will be able to detect 1000 rRNA molecules. No amplification is necessary 
because each bacterium contains 100-1000 ribosomes. 4 Although this revolutionary 
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direct hybridization technology is theoretically fast and sensitive enough to meet 
NASA's specifications for bacteria (although not viruses), it is unproven technology 
that may be many years from implementation. When this technology matures, it will 
have several major advantages over PCR based methods. Because it does not require 
amplification of a nucleic acid template, the risk of false positive results due to 
contamination is greatly reduced. Although this hybridization to a silicon chip 
technology would have limited sensitivity for viruses because each virion would have 
only one hybridization target, the method could be used in concert with PCR to allow 
sensitive detection of viruses. 

Analysis of Post-PCR Products: Electrochemiluminescence 

A system for analysis of PCR products has been reported that does not employ the 
standard methods of gel separation of products, or binding to the PCR products to 
filters followed by hybridization with radiolabeled or fluorescent probes. The method is 
based on the incorporation of a biotinylated oligonucleotide as a primer, with the 
inclusion of a labelled oligonucleotide. Oligonucleotides are labeled with an N- 
hydroxy succinimide ester of tris-bipyridine ruthenium (II) dihexafluorophosphate 
(Origen-label) by modifying the 3' and 5' ends of the oligonucleotide probes. The 
assay makes use of the inherent thermal stability and absence of polymerase activity 
on such probes to allow the PCR and probe hybridization to be completed 
automatically on the thermocycler. The assay is concluded by the addition of PCR 
samples to streptavidin beads on an electrochemiluminescence analyzer for binding 
and analysis. 

Although electrochemiluminescence is an improvement in post-PCR analytic methods, 
in its current form the method is still cumbersome in that it requires addition of reagents 
after the PCR and the PCR products must be transferred from the cycler to a different 
instrument for analysis. This method, like a similar approach developed by Roche 
Molecular Systems for cystic fibrosis testing called “reverse dot," 6 although amenable 
to quantitative analysis of PCR products, is insufficiently automated to afford the low 
technician effort NASA will need for monitor microorganisms in space vehicles. A 
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different system for combining PCR and post-PCR product analysis that we believe 
has the potential to meet NASA’s needs for a microbial monitor is described below. 


TaqMan™ PCR 

This is a new method that combines probe-hybridization and PCR while eliminating 
the time consuming steps of electrophoresis and/or blotting of the post-PCR products. 
TaqMan employs a probe technology that utilizes the 5’-3’ endonuclease activity of 
Taq DNA polymerase, 7 to allow direct detection of PCR amplicons by the release of a 
fluorescent reporter during the PCR (Figure 4.1). 10 The trademark TaqMan name is a 
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Figure 4-1. Taq DNA polymerase activity in TaqMan PCR. In a single cycle of PCR, 
the initial steps are template denaturation and annealing of that denatured DNA 
template with the forward and reverse primers, as well as the tagged TaqMan 
probe(both steps not depicted). After which, the enzyme’s polymerization 
dependent 5’-3’ endonuclease activity frees the reporter dye from the neighbor 
effects of the quencher dye, so it can produce a signal that is proportional to the 
PCR amplification. Cleavage of the TaqMan probe does not affect forward primer 
extension. (Modified from TaqMan™ Reagent Kit Protocol, Perkin Elmer/Applied 
Biosystems). 9 
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oligonucleotide with a 5’ reporter dye, an internal quencher dye, and a 3' blocking 
phosphate. The reporter dye, for which there are three different fluorescein options, is 
covalently bonded to the oligonucleotide’s 5’ end. A rhodamine quencher dye is 
similarly linked four to thirteen nucleotides 3’ to the fluorescein reporter. To prevent the 
TaqMan probe from extending during PCR, there is a 3’ phosphate instead of a 3’ 
hydroxyl group. So long as the reporter and quencher are held in close proximity by 
the oligonucleotide, its fluorescence is quenched, principally by Forster-type energy 
transfer. 10 During PCR, if the TaqMan probe's target is present, the probe anneals 
between the two PCR primer sites. As Taq DNA polymerase extends from the PCR 
primer annealed to the same DNA strand as the probe, its 5’-3’ endonuclease activity 
sequentially digests the probe’s nucleotides. Taq DNA polymerase does not digest 
free probe (Figure 4.2). In every cycle, as the probe is displaced from the template, the 
PCR primer extends without interfering with the exponential accumulation of amplicon. 
Thus the reporter dye is liberated from the quencher and can now fluoresce when 
excited. Fluorescence increases in direct proportion to amplification of the PCR target. 
As with all probe-hybridization/PCR, the TaqMan’s specificity is a result of the 
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Figure 4-2. Two TaqMan emission scans post PCR, Sample and No Template. The 
reporter dye is 6-CA fluorescein (FAM) and the quencher dye is 6-Carboxytetrame 
rhodamine (TAMRA). (Adapted from the TaqMan™ Reagent Kit Protocol, Perkin 
Elmer/Applied Biosystems). 9 
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requirement for primer and probe complementarity to the target DNA before any 
amplification and probe cleavage take place. Unlike other probe-hybridization/PCR 
methods, TaqMan PCR has no laborious post-PCR product analysis steps. The entire 
reaction takes place in a single tube, and everything happens at once. The samples 
and reagents are mixed, sealed in a reaction tubes, and then placed in a thermal 
cycler for amplification. To enhance specificity and minimize the risk of carry-over 
contamination the method employs the hot start method and UNG/dUTP.” In the 
system's present version at the conclusion of the PCR, aliquots of the amplified 
samples are transferred to microtiter plates for analysis in a luminescence 
spectrometer. Detection of all 96 wells takes only 7 minutes. The assay’s results are 
expressed as the comparison of the increase in reporter dye fluorescence with that of 
a no template control. The ratio of reporter fluorescence to quencher fluorescence in 
the sample and no template control, ARQ, is proportional to the number of DNA 
templates in a sample. 12 

TaqMan is a great leap in PCR technology. It has to major improvements over gel- 
based post-PCR analytic methods, and both of these advances are essential to 
meeting NASA's needs for a microbial monitor for the ISSA. 

• Samples are analyzed directly and in just a few seconds, as opposed to being 
transferred to a gel and electrophoretically analyzed. 

• TaqMan is an inherently quantitative technique. Within a range of template 
concentrations, the TaqMan signal will be proportional to the amount of template 
present. Thus the number microorganisms in a sample can be quantitated. 

In its present format, the TaqMan system requires that samples be manually 
transferred from a thermal cycler, where the PCR amplification is performed, to a 
fluorescent plate reader for analysis of the reactions. The next generation of TaqMan 
instrumentation, which Perkin Elmer/Applied Biosystems will begin field testing in the 
next year, can analyze samples directly in the PCR tube, thus eliminating the need for 
sample transfer. Additionally, because the next generation machine can analyze 
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samples in the reaction tubes, the progress of the PCRs can be monitored after each 
thermal cycle. This will improve the quantitative effectiveness of the instrument, 
because when a PCR template is present at high concentration during later cycles of a 
PCR, as reagents are consumed in the reaction, the efficiency of the PCR declines. 
Monitoring of the amplicon accumulation after each cycle permits template quantitation 
during the linear phase of the PCR. 

The current TaqMan system being marketed by Perkin Elmer/Applied Biosystems 
consists of a thermal cycler, a fluorescent plate reader, and a dedicated computer. 
The next generation TaqMan instrument is even larger, and has significant power 
requirements. Because of the space and power limitations on ISSA the monitor must 
be small and energy efficient. Efforts at creating smaller instruments for gene-based 
diagnostics using microfabricated devices are ongoing in a number of laboratories. 4 

Microfabricated DNA Analysis System 

A prototype miniaturized PCR thermal cycler was developed by researchers at 
Lawrence Livermore National Laboratory (LLNL) in conjunction with Roche Molecular 
Systems and Perkin Elmer/Applied Biosystems. ,3, ,4, ,5 < A PP endl * c > Fabricated on a 3 inch 
by 5 inch Plexiglas platform, the unit consists of up to three PCR reaction chambers, a 
thermocouple converter chip reaction controller, and 4 nine-volt batteries to run the 
heaters and the control electronics. The reaction micro-chambers, made from an 
anisotropic etched silicon cavity with one or two medium low stress silicon nitride 
membrane windows, are typically 5 to 10 mm 2 , 0.5 mm deep, and contain embedded 
polysilicon resistive heaters. The windows are designed for use in detection of PCR 
products. This device has been used to detect cystic fibrosis causing mutations on 
human DNA in a multiplex reaction simultaneously amplifying segments from eight 
different targets on the human genome. M. Allen Northrup, principal investigator of the 
LLNL group, envisions this technology evolving into a hand held PCR system that can 
take a sample, perform the PCR thermal cycling, and then analyze the sample by 
monitoring micro-electrochemiluminescence through the silicon nitride membrane 
windows in the reaction micro-chambers. His group has built a real-time fluorescence 
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monitoring system that uses laser excitation and CCD camera surveillance of the PCR 
progress. In collaboration with Dr. Rosemary Smith, of the University of California at 
Davis, the LLNL researchers are exploring the use of electrochemiluminescence with 
ruthenium labeled oligonucleotide probes 5 as a method to assay PCR amplification in 
the reaction tube. Ultimately, instruments consisting of large arrays of as many as 
1000 individually controlled reaction chambers could be built. Northrup’s January 
1995 report to the Advanced Research Projects Agency (ARPA) is included with this 
report as Appendix C. 


References 

1 . Saiki, R. K. , Scarf, S., Faloona, F., Mullis, K. B., Horn, G. T. Erlich, H. A. and Arnheim, 
N., 1985. Enzymatic amplification of B-globin genomic sequences and restriction site 
analysis for diagnosis of sickle cell anemia. Science. 239:1350-1354. 

2. Rosson, R. A., Maurina-Brunker, J., Langley, K. M., and Pynnonen, C. M.. 1995. 
Rapid detection of bacteria in water: direct hybridization with chemoluminescent 
deoxynucleotide probes. In Life Sciences and Space Medicine Conference ‘95. 
American Institute for Aeronautics and Astronautics, p. 224-225. 

3. Saiki, R. K. .Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R., Horn, G. T., Mullis, K. 
B., and Erlich, H. A., 1988. A primer-directed enzymatic amplification of DNA with a 
thermostable DNA polymerase. Science. 230:487. 

4. Eggers, M. and Erlich, D. 1995. A review of microfabricated devices for gene-based 
diagnostics. Hematologic Pathology. 9:1-15. 

5. Gudibande, S. R., Kenten J. H., Link J., Friedman K., and Massey R. J.. 1992. Rapid, 
non-separation electrochemiluminescent DNA hybridization assays for PCR 
products, using 3'-labelled oligonucleotide probes. Molecular and Cellular Probes. 
6:495-503. 

6. Kawasaki, E., Saiki, R., and Erlich, H. 1993. Genetic analysis using polymerase 
chain reaction-amplified DNA and immobilized oligonucleotide probes: reverse dot- 
blot typing. Methods in Enzymology. 218:369-81. 

7. Holland, P. M., Abramson, R. D., Watson, R., and Gelfand, D. H. 1991. Detection of 
specific polymerase chain reaction product by utilizing the 5’ to 3’ exonuclease 


Section 4 - Page 8 



PCR-Based Microbial Monitor 


activity of Thermits aquaticus DNA polymerase. Proceedings of the National 
Academy of Sciences, USA. 88:7276-7280. 

8. Lee, L. G., Cornwell, C. A. and Bloch, W. 1993. Allelic discrimination by nick- 
translation PCR with fluorogenic probes. Nucleic Acids Research 21: 3761-3766. 

9. TaqMan™ PCR Reagent Kit Protocol. Revision A. 1994. Perkin Elmer. 

10. Lakowicz, J. R. 1983. Chapter 10. Energy transfer. In Principles of Fluorescent 
Spectroscopy, Plennum Press, N.Y. pp. 303-339. 

11. Loewy, Z. G., Mecca, J. and Diaco, R. 1994. Enhancement of Borrelia burgdorferi 
PCR by Uracil-N-Glycosylase. Journal of Clinical Microbiology 32 : 135-138. 

12. Bass!er, H. A., Flood, S. J. A., Livak, K. J. , Marmaro, J., Knorr, R., and Batt, C. A. 
1985. The use of a fluorogenic probe in a PCR-based assay for the detection of 
Listeria monocytogenes. Applied and Environmental Microbiology, manuscript 
submitted. 

1 3. Stix, G. Gene Readers. 1994. Scientific American. 270:149-151. 

14. Northrup, M. A., M. T. Ching, R. M. White, and R. T. Watson. 1993. Proceedings of the 
Seventh International Conference on Solid State Sensors and Actuators, 
Yokohama, Japan, pp. 924-926. 

15. Northrup, M. A., 1995. Microfabricated DNA Analysis System. Semi-Annual Report 
submitted to Microelectromechanical Systems Program, Electronic Systems 
Technology Office, Advanced Research Projects Agency. 


Section 4 - Page 9 



PCR-Based Microbial Monitor 


Section 5. 

Possible Methods of Avoiding False-Positive Results Due to the 
Detection of Dead Organisms or Free DNA. 

Unlike culture based microbial diagnostic assays, which function by detecting an 
increase in the number of whole organisms or virions, PCR can amplify intact DNA 
from a living bacterium or infectious virion as effectively as from a dead microbe or 
even from solubilized DNA. Sixteen weeks after being killed by boiling, E. coli can be 
detected by PCR as effectively as before inactivation . 1 This limitation of gene based 
monitoring might be addressed in several different ways that could meet NASA's 
needs for monitoring water quality on spacecraft. 

• Determine if PCR targets from nonviable microorganisms elute from the ISSA water 
reclamation system. 

• Determine if microbial monitoring could be based on the observation of population 
growth changes in the ISSA water collection tanks. 

• The PCR target could be short lived molecules of messenger RNA (mRNA) instead 
of DNA. 

• Evaluate the use of vital dye staining, which would determine how many bacteria, 
fungi, or protozoans are respiring in a sample, in concert with PCR based assays. 

Do nonviable organisms elute from the ISSA water reclamation system? 

Although we know PCR is blind with respect to whether organisms are alive or dead, 
we do not know if or how long the DNA from organisms inactivated by the MSFC water 
reclamation apparatus can still be amplified by PCR. That water reclamation system’s 
penultimate step in generating potable water is a catalytic oxidation system. Designed 
to completely oxidize any organic molecules that have made it past the upstream 
components of the water reclamation system (mixed bed resins provide growth media 
for many bacterial species), the catalytic oxidation system should completely 
mineralize soluble nucleic acids } Nonetheless, previous PCR analyses of MSFC 
reclaimed water detected more species of bacteria than were found using culture 
based methods . 3 That suggests the PCR assays detected a great many nonviable cells 
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or DNA released from lysed cells; however, that result could be due to the greater 
sensitivity of PCR based assays relative to culture and the fact that many 
microorganisms when handled roughly are viable but not culturable (notably 
Legionella sp. 4 ). 

A recent test of the capacity of the MSFC water reclamation system to eliminate 
infectious viruses may have laid the groundwork to address the issue of nonviable 
microbes passing through the system as intact PCR targets. In January 1995, MSFC 
Chief Microbiologist, Ms. Monsi Roman, and Dr. Christon Hurst of the U. S. 
Environmental Protection Agency conducted a test in which they added a mixture of 
=10® plaque forming units of four different bacteriophages into the water reclamation 
system intake. During 5 days of system operation, no infectious bacteriophage eluted 
from the system’s clean water ports. 5 To date those samples have only been tested in 
infectivity assays. Ideally, PCR should be used to analyze those samples for 
bacteriophage DNA/RNA. Because the nucleotide sequences of all of the 
bacteriophage used have been published, it should be possible to develop effective 
PCRs to answer this question. If phage genomes are detected in the clean water in the 
absence of infectious particles then there is proof that nonviable organisms/viruses 
passing through the system can generate a false positive result for contamination. 
Thus any gene based assay system will be to some extent blind as to whether any 
virus detected is viable or nonviable. If no detectable bacteriophage is found in the 
clean water by PCR, one can still not rule out the possibility that the mixed bed resins 
in the system so retarded the virus that in the short test of 5 days, no bacteriophage 
had time to complete passage through the system. The experiment outlined below 
addresses that possibility. 

Are intact target nucleic acid sequences are available for PCR amplification from or in 
nonviable cells and virions after passage through the MSFC water reclamation 
system’s catalytic oxidation stage? Different bacterial, viral, protozoan, and fungal 
samples could be exposed to the system’s multiple disinfection procedures, i.e. heat, 
250°F for 20 minutes, and/or the 2 ppm iodine imparted to the water by the system’s 
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microbial check valves . 3 One would need to investigate a variety of microbes because 
different species may respond differently to the inactivation treatments. This could be 
the result of differences in cell wall or capsid structure or it could be a function of the 
size of the PCR amplicon . 6 The genomic templates for large amplicons may be more 
susceptible to damage as a result of germicidal treatment than small templates due to 
the random nature of the effects of germicidal treatment. After either or both of those 
treatments the samples would be passed through the catalytic oxidation stage of the 
water reclamation system and the resulting water would be analyzed by both PCR and 
culture. Aliquots of the microbial samples should be analyzed by PCR before the heat 
and/or iodine treatments and between heating/iodination and catalytic oxidation. The 
PCR data from the three different stages of the water decontamination process would 
show the extent to which nonviable microbes can be detected by PCR after passage 
through the MSFC water reclamation system. 

Can microbial growth be monitored as a way of bypassing false positive PCR 
results? 

If nonviable microbes contribute significantly to the amount of DNA amplified by PCR 
of water samples from the MSFC water reclamation system, we would suggest 
attempting to use a PCR based microbial monitoring system for analysis of recycled 
water for pathogens to focus on changes in microbial concentration with time that are 
indicative of increasing populations in the processed water collection tanks. This 
analysis of microbial population growth approach should work despite the indefinite 
lifetime of nucleic acid sequences in nonviable cells as demonstrated by Josephson, 
et a\? Although there would be a continual influx of low levels of nonviable cells from 
the water reclamation system, use of the recycled water should result in a continual 
outflow of the nonviable cells. Thus the contribution of the dead organisms to the 
estimated microbial load of the collection tank should reach a steady state. Only the 
presence of microbial growth in the tank should disturb that equilibrium. Obviously, this 
approach would not work for analysis of viruses because they are obligate parasites 
and cannot replicate outside of their hosts. 
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mRNA instead of DNA as a PCR target 

One of the main reasons PCR cannot distinguish between viable and non-viable 
organisms is the great stability of DNA. There is another potential gene target 
molecule that is much more fragile and short-lived called mRNA. The half life of E. coli 
mRNA is only 30 minutes in a living organism, and presumably much shorter in a dead 
organism. Similarly, soluble RNA is rapidly degraded in environmental waters and 
thus is In a pre-PCR step, mRNA can be enzymatically copied using reverse 
transcriptase. 7 The combination of reverse transcription and PCR, called RT-PCR, has 
been successfully used to detect mRNA in both eukaryotes and bacteria, and in fact is 
the only way to detect viruses with RNA genomes such as polio, rotaviruses, and 
Norwalk viruses. Detection of a short-lived molecular species that can only be made 
by viable microorganisms would theoretically be the same as detecting only viable 
organisms. . 

Unfortunately, at least for bacteria, this would be much more difficult than standard 
PCR. Although RT-PCR would be required for the detection of RNA viruses (influenza 
and Norwalk for example), the additional effort might not be feasible or practical 
bacteria. The half life of mRNA would need to be determined for each species 
analyzed, along with the average concentration of target mRNA in each cell. 
Additionally, it would be necessary to eliminate any potential DNA templates in a 
sample using DNA specific nucleases, and that step could prove to be very difficult. 

Several research groups have investigated the possibility of using an RT-PCR 
approach to discriminate between viable and non-viable microorganisms, however no 
one has developed an assay that works yet. Dr. Ian Pepper, at the University of 
Arizona, and Dr. Asim Bej, at the University of Alabama at Birmingham, have both 
been able to detect bacterial mRNA; however neither see the technology as a method 
of detecting only viable organisms 18 ' 9 ' 10 Scientists at Perkin-Elmer’s Applied 
Biosystems Division said they had experimented with RT-PCR as a tool to screen for 
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viable bacteria and had abandoned the effort because they felt it could never be made 
to work. 

Vital dye staining as a complement to PCR for discrimination of viable organisms. 

It may be possible to use vital dyes to detect the presence of live bacteria and 
protozoa. Vital dye staining is an established technology that could be coupled with 
the TaqMan PCR (section 4). Thus one could estimate the total number of respiring 
microorganisms in a sample with the vital dyes, as well as speciate and enumerate the 
viable and the nonviable microorganisms present using TaqMan PCR. The TaqMan 
PCR detection system's LS-50B fluorescent plate reader would analyze both the vital 
dye samples and the TaqMan PCRs. 

Viability staining could be achieved through the use of several vital dyes to determine 
which is most suited to these investigations. Potential dyes include the redox dye 2-(p- 
iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (INT), 5-cyano-2,3-ditolyl 
tetrazolium chloride (CTC), and acridine orange to directly observe respiring 
microorganisms. In the case of INT the reducing power of the electron transport system 
converts INT into insoluble INT-formazan crystals that accumulate in metabolically 
active bacteria. 11 Microscopically the INT-formazan deposits are observed as red 
deposits under bright field microscopy. The INT method has been successfully 
combined with the acridine orange direct count method to simultaneously enumerate 
total and viable bacterial concentrations. 12 A method developed by Kogure, et a/., 13 
also allows for the simultaneous enumeration of both total and viable cells. This 
method utilized nalidixic acid, a gyrase inhibitor, and yeast extract as a nutrient source. 
The nalidixic acid prevents cells from dividing while they continue to metabolize the 
yeast extract and enlarge, dead cells will be unable to utilize nutrients and remain 
"normal-size". However, there are a number of problems with this method. For 
example, not all cells are sensitive to the effects of nalidixic acid and not all cells are 
capable of utilizing yeast extract as a food source. In addition the metabolic rate of 
microbial pathogens varies which may cause some cells to swell to various sizes 
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making enumeration difficult. Finally, some bacteria such as Legionella are resistant to 
the effects of nalidixic acid, therefore the Kogure method is not a viable option. 13 

Recently a fluorescent redox dye, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), has 
successfully been used to directly visualize actively respiring bacteria. The oxidized 
CTC dye is almost colorless and nonfluorescent, however once the dye is reduced via 
the electron transport system, it becomes fluorescent, insoluble CTC-formazan 
compound that accumulates intracellularly. 14 Based on published studies with other 
microorganisms, the dye should provide valuable viability information that would 
complement the PCR data. 
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Section 6. 

Current and Projected PCR Quality Control Techniques. 


A critical aspect of a PCR based microbial monitor will be a set of quality control 
measures. Methods must be in place that will insure the following: 

• That the assay is functioning according to specifications. 

• That reagents are prepared, aliquoted, and stored so that the microbial monitor 
can function effectively throughout long space missions. 

• That samples are not contaminated with microbes from outside of the water 
reclamation system or with PCR amplicons from earlier reactions resulting in 
false positive results. 

The first two items on this list should be easily attainable. Development of effective 
internal control reactions has been done for other microbial detection assays; 
adaptation of that technology to NASA needs should be straightforward. Methods have 
been reported that would permit long term storage of reagents that have been assayed 
and aliquoted so that only the sample and water would need to be added prior to 
assay. Unfortunately, the problem of false positive results due to contamination may 
prove to be one of the most difficult aspects of developing a PCR based microbial 
monitor. Diagnostic PCR labs strive to avoid contamination problems through devotion 
to fastidious technique and laboratory practice as well as through a number of 
structural and procedural safeguards (Table). Any PCR based instrument used to 
monitor microorganisms aboard the ISSA will need to incorporate these procedures 
into the systems design. 

Table. Guidelines for the operation of a PCR laboratory. ad,pl * ,r0m1 

• Establish separate pre- and post-PCR work areas with dedicated supplies and reagents. 

• Carefully plan experiments: do not enter the pre-PCR area after handling amplicons or target 
DNA. 

• Use plugged pipet tips or positive -displacement pipettes. 

• Use aliquots of all reagents to limit handling. 

• Incorporate enzymatic or chemical methods to control amplicon carryover. 

• Always use a low-copy number (10-50 templates per PCR) of positive controls, a large 

number of negative controls, and reagent controls with every amplification. 
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Control reactions to confirm PCR effectiveness. 

A positive control will be incorporated into every sample to insure the PCR worked 
properly. Reactions could fail because of contamination of the sample with inhibitors, 
degradation of one of the enzymes or other reagents, or problems with the instrument. 
An effective internal positive control that is designed to generate a fixed amount of 
PCR amplicon can provide a quantitative assurance that the PCR system and 
individual reaction are performing to design specifications. 

Included in the reagents used for each PCR will be 10-50 copies of part of the human 
B-actin gene, as well as primers and a TaqMan probe that will generate and allow 
monitoring of the synthesis of an amplicon from the human B-actin gene. 2 3 Although 
several different genes are commonly used as an internal positive control molecules, 
Perkin Elmer Corporation developed the TaqMan system with the intent of using the B- 
actin gene for that purpose. As mentioned previously, the TaqMan system can do 
multiplex PCR because there are three different reporter dyes for labeling probes. 
Thus every PCR tube will contain two TaqMan probes specific for different 
microorganisms or groups of microorganisms, plus a probe specific for the B-actin 
amplicon. Each of the three probes will be labeled with a different reporter dye. 4 

In addition to the positive controls, every set of PCRs would also include a number of 
negative controls. Negative control reactions are necessary for confirmation that PCR 
amplicon carry over is not generating false positive results and to serve as a baseline 
value for the TaqMan system. With TaqMan each sample being assayed has two 
tubes containing only the reagents and no sample. Thus, if the ISSA microbial monitor 
assays for 20 different microorganisms or groups of microorganisms in 10 multiplex 
PCRs, then an additional 20 negative control PCRs will be required also. 

Reagent storage 

To simplify the microbial monitor, it will be critical that most reagents be 'prepared and 
aliquoted on earth and then stored, potentially for months or years, until needed. In its 
current configuration, the TaqMan system is designed to assay samples in a 96-well 
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tray format. Although a full 96-well tray would not be needed to analyze water 
samples for 20 different kind of PCR targets, NASA should design its PCR based 
microbial monitor to use a multi-well tray. Reagents could be pre-loaded into multi-well 
trays on earth so that enzymes, primers and dNTPs are segregated until the reaction is 
heated, thus preventing reagent degradation due to PCR reactant assembly and 
storage prior to thermal cycling. One method for accomplishing this is encapsulation of 
subsets of the PCR reagents in special agarose beads so that they can be stored for 
long periods of time. 5 G. K Smith, of the University of Houston, believed his 
microencapsulation methods could be refined to meet the PCR reagent storage needs 
of an ISSA microbial monitor. 6 

By pre-encapsulating aliquoted amounts of all the components of the PCR except the 
sample to be assayed , the quality control criteria for diagnostic PCR can largely be 
addressed. A method and instrumentation will need to be developed to transfer the 
samples to be analyzed from the filtration system (see Section 2) to a multi-well tray. 
Perhaps a 10-filter manifold (one filter for each multiplex PCR) could be used to insert 
filters directly into the multi-well tray containing the reagents prior to thermal cycling. 
For this to work, procedures would need to be included to release of the DNA or RNA 
form any microorganisms on the filters without damaging the PCR reagents. Two of the 
most simple methods for liberation of the nucleic acids from bacteria and viruses prior 
to PCR are boiling and repeated cycles of freezing and thawing. 

Control of carry over contamination that could yield false positives. 

The sensitivity advantage that PCR contributes to the detection of microorganisms can 
also potentially be a major disadvantage. Previously amplified DNA that is replication 
competent can be carried over and can serve as a template in later amplifications, 
resulting in false positives. The capacity of single molecule amplification requires 
special methods be used to insure accurate results. Several approaches utilizing 
either chemical or enzymatic methods to minimize PCR product carryover have been 
described. 7 Analysis and comparison of these methods indicates the most effective 
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method for spacecraft use uses uracil N-glycosylase (UNG) to degrade any 
contaminating PCR amplicons present in a reaction before the onset of PCR. 

UNG is an E. coli enzyme that modifies DNA containing uracil so that it can later be 
degraded by heating. By substituting dUTP for dTTP in the PCR, the resulting 
amplicons are susceptible to UNG degradation. 8 A 2 minute incubation at 50° is 
* sufficient to modify any contaminating amplicons as well as any mis-primed or non 
specific products produced prior to specific amplifications, but not degrade native 
nucleic acid templates. At the end of the 2 minute treatment a 10 minute incubation at 
95° completes the degradation of uracil containing DNA, inactivates the UNG, and 
denatures the template DNA prior to thermal cycling. The procedure actually enhances 
the quality of the PCR by eliminating any misprimed reaction products that result from 
the primers annealing incorrectly to templates at low temperature during the mixing of 
reagents prior to thermal cycling. 9 
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Section 7. 

Prediction and Analysis of PCR Primers and TaqMan Probes for the 
Detection of Microorganism Contaminants in Environmental Samples 

Detection of microbiological organisms contaminating environmental samples using 
TaqMan PCR technology will require primer and probe oligonucleotides to be defined 
for each organism or group of organisms to be detected. The basis of primer and 
probe definition is through analysis of available genomic sequence data for the 
organisms in question. Following the initial step of constructing a list of organisms to 
be detected, genomic sequences for these organisms are obtained from sequence 
databases, and then analyzed using parameters appropriate for designing functional 
primers and probes. All of these steps are computer-based, and result in a library of 
primer and probe oligonucleotide sequences that have the potential of providing 
relatively specific and sensitive detection of the desired microorganisms. While use of 
computers for oligonucleotide design can greatly facilitate construction of an oligo 
library, these primers and probes will need to be tested empirically in the laboratory to 
ensure that they work “as advertised”. If not, additional oligo sequences will need to be 
defined. A reiterative process of computer prediction and laboratory testing is the most 
efficient means available for deriving the basic library of oligonucleotides necessary 
for environmental monitoring. 

Below we discuss some of the considerations that are involved in the process of 
primer and probe prediction. These include determination of sequences to be 
detected; computer analysis of these sequences prior to oligo prediction; and analysis 
of the resulting oligonucleotide library. These methods were then used to predict 
primer and probe combinations for both a prokaryotic and eukaryotic data set of 
potential microorganism contaminants. 

Genomic Sequences to be Detected 

Choice of the particular genomic sequence to be detected is the first critical step in the 
process of primer and probe design. A wrong choice can lead to high background 
levels-low specificity (e.g., detection of normal microbiological flora) and low 
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sensitivity (failure to detect the desired organism). It has been estimated that the 
determination of the total diversity of microorganisms in environmental samples using 
culturable plate counts greatly underestimates the true level of diversity by over 90% 
(Amann, et al. t 1995). These authors propose that using methods based upon 
detecting the presence of ribosomal RNA genes, a much more accurate analysis of the 
true levels of microorganism diversity can be obtained. The same reasons that make 
ribosomal RNAs useful in a study of microbiological diversity make them a good 
candidate for detection in a PCR-based environmental monitor. 

Ribosomal RNA Genes 

Ribosomal genes are universally present in the cells of all living organisms since they 
are critical to the process of protein synthesis. Ribosomes consist of two subunits that 
contain a combination of protein and structural RNAs. The sequences of the large 
subunit ribosomal RNA and in particular the small subunit ribosomal RNA (ssu rRNA) 
have been determined for a large number of different prokatyotic and eukaryotic 
organisms. The availability of these sequences has allowed a significant amount of 
work to be done in analyzing the biological features and evolution of these sequences 
between different species (Hillis, et at., 1991; Neefs, et al., 1991). The properties listed 
below contribute to the usefulness of these genes for detection of environmental 
contaminants: 

• Sequences are present in all living organisms 

• Genes contain multiple genomic copies undergoing concerted evolution 

• Sequences have undergone variable rates of evolutionary change 

• Primers and probes can be defined for hierarchical detection of microorganisms 

• Sequences and alignments for most organisms are currently available through the 
Ribosomal Database Project (RDP) (Maidak, et al., 1994) and Genbank (National 
Center for Biotechnology Information-National Institutes of Health) 

Having available such a large database of genetic sequence information for such a 
broad range of organisms allows a thorough analysis of the potential specificity of any 
potential primer and probe combination. Oligonucleotides can be designed with low 
specificity, but high sensitivity allowing detection of a broad range of organisms using 
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a single “universal probe”. Alternatively, primer and probe combinations can be 
designed that are very specific, detecting the presence of only one particular 
pathogen. This provides the capability to design hierarchical probes that initially 
screen for gross contamination by microorganisms using universal probes, and then, if 
such contamination is present, the sample can be screened for the presence of 
particular pathogens using very specific primer and probe combinations. This 
technique has already been demonstrated using probes derived from small ribosomal 
RNAs that are designed to detect pathogenic bacteria in cerebrospinal fluid (Greisen, 
et al., 1994). 

The property of these RNAs that provides this capability to detect either broad groups 
or specific organisms is the variable rates of evolution that these sequences have 
undergone over time. Certain regions of the ribosomal RNA genes have remained 
relatively conserved among species (probably due to functional constraints), while 
other regions show high variability when sequences from different species are 
compared (Hillis, et al., 1991). These regions have been mapped and correspond to 
specific regions of the predicted secondary structures of these molecules (Neefs, et al., 
1991) (See Figures 7.1 -7.4 below). This variable rate of evolutionary change can be 
exploited for primer and probe design purposes. The highly conserved regions are 
used to construct universal, or genus-specific probes, while the variable regions 
provide the necessary specificity to construct species-specific probes (Greisen, et al., 
1994; van Kuppeveld, et al., 1992). 

Other genes for PCR-based detection 

While small ribosomal RNA genes can be used to detect a broad range of organisms, 
it may be useful to design probes based upon other genomic sequences. Detection of 
particularly pathogenic organisms may be best accomplished by designing probes to 
detect the genes specifically involved in the pathogenic mechanisms of these 
organisms. Examples are the toxin genes in strains of Shigella and E. coli (Stacy- 
Phipps, et al., 1995; Read, et al., 1992; Yavzori, et al., 1994; Sethabutr,' et al., 1993). 
These authors have used PCR primers and oligonucleotide probes to detect the 
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presence of a number of the different toxin genes that have been identified in various 
strains of these species. 

Another reason for utilizing non-rRNA sequences for PCR-based detection schemes, 
is that the ribosomal RNAs of several species have either not been sequenced, or 
sequenced to a limited extent. Currently, rRNA sequences for several Klebsiella, 
Shigella, and Salmonella species among others are absent or incomplete. Inclusion of 
primers and probes for these species using the ssu rRNA scheme will be dependent 
on new sequence information as it becomes available. Detection of these organisms 
will generally need to be based upon other species-specific gene sequences that are 
in the database; though the evolutionary history of these organisms does predict that 
they should be detectable by at the very least, the universal primer and probe sets, 
and possibly by some of the more specific primer and probe combinations (e.g. 
Shigella, Salmonella, and possibly Kelbsiella species should be detectable by the 
Enteric probe described below due to the close relatedness of these organisms to E. 
coli). 

Currently several organisms are detected in PCR-based assays using probes not 
based upon ribosomal RNAs. Two examples are detection of Legionella pneumophila 
{Paszko-Kolva, et al., 1995) and enterotoxigenic E. coli. (Stacy-Phipps, et al., 1995). 
When appropriate, comparisons will need to made empirically to test the specificity 
and sensitivity of detection using these currently defined primers to newly defined ssu 
rRNA-based primers and probes. 

Finally, viruses, which have no ribosomal RNA genes since they utilize the host cell’s 
protein synthesis machinery, need to have a separate library of primers and probes 
designed for their detection. Primers and probes have already been defined and 
tested for most of the viruses that would need to be in an environmental monitor. 

These include the enteroviruses (Straub, et al., 1994), adenoviruses (Rousell, et al., 
1993), rotaviruses (Sethabutr, et al., 1992) and Norwalk virus (DeLeon, et al., 1992; 
Jiang, X. et al., 1992). 
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Primer and Probe Prediction 

Using the list of organisms discussed in Section 1, the process of designing primers 
and probes proceeded as follows: 

• Sequences were obtained from both the RDP and Genbank Databases 

• Sequence alignments from the RDP were refined, and new sequences were added to the 
alignments 

• Evolutionary relationships between the organisms were inferred based upon the aligned 
ssu rRNA sequences, and a rough evolutionary tree was constructed 

• The organisms were grouped into a detection hierarchy 

• Conserved and variable regions within the aligned genes were mapped 

• Primer and probe sequences were determined based upon the sequence conservation 
necessary to detect the desired group of organisms 

• These primer and probe combinations were analyzed by computer programs for the 
desired primer and probe characteristics consistent with optimum TaqMan-PCR 
detection 

As a final critical step, these primers and probes must be tested in the laboratory to 
ensure, that the computer-predicted characteristics actually result in a reliable 
detection system. This process is designed to provide the most efficient means of 
combining computer analysis and laboratory testing to establish a library of primers 
and probes. Each of these steps is described in more detail below, along with the 
results. 

Desired Primer and Probe Characteristics 

To design primers and probes that will be optimized for TaqMan-based PCR detection, 
it is necessary to follow a number of guidelines for probe design. These guidelines 
attempt to ensure that the desired sensitivity, specificity, primability, and overall 
usefulness of the oligonucleotides are optimized for the established reaction 
conditions. Some of the parameters that are known to be important in PCR primer 
design are as follows (McPherson, et al., 1992): 

• Specificity for the desired target 

• Appropriate melting temperature (formation of stable duplexes) 
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• Lack of internal secondary structure (dimers and hairpin loops) 

• Lack of secondary structure formation with other primers and probes 

• GC content between 40 and 60% 

• Avoidance of long runs of a single base 

and these additional parameters for TaqMan probe design (Livak, et al., 1995): 

• No G at the 5’ end 

• Add a T at the 3’ end if not normally present for attachment of the TAMRA quencher 

• Located from 1 to 100 bases to the 3’ end of the PCR primer 

• Melting Temperature at least 5° C higher than the PCR primers 

Computer analysis was used to screen potential PCR primer pairs and TaqMan 
probes to ensure compliance with the above criteria. 

Data Analysis 
Data collection 

As indicated above, the basic genomic sequence information necessary for this project 
is available through databases that provide public Internet access to the desired 
sequence data. The Genbank database is the main US repository for sequence data. It 
is maintained by the National Center for Biotechnology Information (NCBI) under the 
auspices of the National Library of Medicine, a part of the National Institutes for Health. 
We maintain tools for searching and retrieval of sequences from this database, as well 
as maintaining a local copy of the complete database for internal use. In addition, the 
Ribosomal Database Project (RDP) at the University of Illinois (Maidak et al., 1994) 
maintains a subset of this database pertaining to ribosomal RNA sequences. This 
database includes pre-aligned sequences and predictions of evolutionary 
relationships that greatly facilitate using this information for primer and probe 
prediction. Genbank and RDP data were obtained through anonymous FTP. 
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Sequence Analysis 

General sequence analysis tools are provided by a comprehensive package of 
sequence analysis programs published by the Genetics Computer Group (GCG) of 
Madison, Wisconsin (Devereux, 1994). This package has tools that allow simple 
pattern recognition, multiple sequence alignment, evolutionary analysis, and most 
other programs necessary for sequence analysis. This package provided the basic 
core of analysis tools used in this project. 

Evolutionary analysis 

In addition to the GCG programs, several other programs were used for evolutionary 
analysis of aligned sequences. These include Clustal (Higgens, 1991); Phylip 
(Felsenstein, 1994); and Phylogenetic Analysis Using Parsimony (PAUP) (Swofford, 
1993). Evolutionary analysis of the sequence information was an important step in 
determining which groupings of microorganisms can be effectively detected with a 
single primer and probe combination. 

Primer/Probe analysis 

Prediction and analysis of PCR primers and TaqMan probes was accomplished using 
the OLIGO program from National Biosciences, Inc. (Wojciech, 1994). This program 
predicts and analyzes oligonucleotides that satisfy the criteria outlined above for 
optimal PCR and probe characteristics. 

Primer and Probe Prediction 

Listing of organisms to be detected 

The microorganisms listed in table 7.1 formed the basic data set from which a series of 
PCR primers and TaqMan probes were derived for environmental monitoring. This list 
of organisms does not include all of the organisms indicated in section 1 as being 
desirable for detection. This is due to the lack of ssu rRNA sequence information for 
some microorganisms. As additional sequence information becomes available, 
additional organisms can be analyzed using the procedures followed below. Never- 
theless, contamination by many of the organisms not listed (such as Klebsiella 
pneumoniae, and Shigella species) should be detectable by the universal PCR 
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primers and TaqMan probes listed below. In addition, references were provided above 
for the detection of additional organisms, including viral contaminants, using PCR and 
probe-based methods not dependent on rRNAs. 


Table 7.1. Microorganisms Analyzed 


t^rokarvotjc 


Organism 

Abbreviation 

Acinetobacter “ 


Alteromonas 

★ 

Bacillus coapulans 

B-coaqu 

Burkhoideria cepacia 

Bur-cep 

Burkholderia pickettii 

Bur-pick 

Corvnebacterium 


Enterococcus avium 

Eco-avi 

Entercoccus faecium 

Eco-fcm 

Enterococcus faecaiis 

Eco-fae 

Escherichia coli 

E-coli 

Lepionella pneumophila 

Leq-pne 

Listeria 

* 

Micrococcus luteus 

Mic-Luteus 

Mycoplasma fermentans 

M-ferme 

Mycoplasma hominis 

M-homin 

Mycoplasma pneumonia 

M-Pneum 

Pseudomonas aeruainosa 

Ps-aeru 

Salmonella cholera 

S-chole 

Salmonella dublin 

S-dubli 

Salmonella enteritidis 

S-enter 

Salmonella paratyphi 

S-parat 

Salmonella typhi 

S-tvphi 

Staphylococcus aureus 

Stp-aureus 

Staphylococcus epidermidis 

Stp-epider 

Staphylococcus haemolvticus 

Stp-haemo 

Staphylococcus hominis 

Stp-homin 

Staphylococcus saprophyticus 

Stp-saprop 

Staphylococcus warned 

Stp-war 

Streptococcus bovis 

Stc-bovis 

Streptococcus epuinis 

Stc-equins 

Thiobacillus ferrooxidans 

Thb-fer 

Ureaplasma urealyticum 

Upl-ure 

Vibrio cholerae 

V-chole 

Vibrio parahaemolyticus 

V-parah 

Vibrio vulnificus 

V-vuIni 
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Eukaryotic 

Organism 

Abbreviation 

Aspergillus fumigatus 

Asp-fuki 

Candida albicans 

Cnd-albc 

Cryptosporidium parvum 

Crp-parv 

Cryptococcus neoformans 

* 

Entamoeba histolytica 

Ent-hist 

Girardia lamblia 

Gir-lamb 


* These organisms are not displayed in the sequence alignment or 
analyzed for Figure 7.4 (see below), but were analyzed for detectability 
using the primer and probes oligonucleotides indicated in Table 7.2. 


Alignment 

The sequences of the ssu rRNAs for these sequences were obtained from the RDP 
and Genbank databases. These sequences were reformatted as necessary for use in 
subsequent analyses. The RDP also provided sequence alignments and evolutionary 
trees for these RNAs. Where necessary, these alignments were refined, and additional 
sequences added that were not present in the RDP database. Programs in the GCG 
package were used for these purposes. 


The alignment of the ssu rRNA sequences is shown in Figures 7.1 (prokaryotic) and 
7.2 (eukaryotic). Gaps have been introduced into the sequences to account for 
evolutionary changes due to insertions and deletions into sequence lineages. Gaps 
are represented by dashes. Also shown are the positions of the variable regions that 
are interspersed with more conserved sequences as these RNAs evolved (see below). 
The positions of the predicted set of PCR primers and TaqMan probes is also shown 
(see beiow). The eukaryotic alignment includes Human and E. coli ssu rRNA 
sequences for reference purposes. 

Ribosomal RNA Secondary Structure and Sequence Conservation 

As discussed above, one of the features of ssu rRNAs that make them particularly 
suitable for environmental monitoring are the conserved and variable sequence 
features that are interspersed throughout these genes (Hillis, et al., 1991; Neefs, et al., 
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1991) . These RNAs must form secondary and tertiary structures to function as 
components of the protein-synthesizing ribosomes. Certain features of these RNAs 
must be maintained for functional purposes, while other features need not be strictly 
conserved, and can vary. This results in alternating patterns of conserved and variable 
domains seen when comparing ssu rRNA sequences from different species. Figure 7.3 
shows the predicted secondary structure for the E. coli ssu rRNA, and the conserved 
and variable region domains. Conserved features can be utilized to derive universal 
PCR primers and TaqMan probes that will bind to, amplify, and detect ssu rRNAs from 
a wide variety of organisms, while additional TaqMan probes can be designed from 
the more variable regions that would be very specific and detect only one particular 
species. 

Figure 7.4 is a graph showing the extent of evolutionary change for three separate 
groups of sequences. The top, blue shaded graph is for the alignment of all of the 
prokaryotic organisms indicated in table 7.1. The middle, pink shaded graph analyzes 
the gram-negative organisms from the above list, and finally, the bottom, yellow 
shaded graph shows the similarity among the Mycoplasma species. To generate this 
data, the aligned set of sequences were grouped according to their evolutionary 
relationships (see below), and then the program MacClade (Maddison and Maddison, 

1992) was used to calculate the extent of evolutionary change at each position in the 
sequence alignment. The Y-axis is proportional to the number of sequence changes 
that have occurred at each alignment position as these sequences (organisms) have 
diverged over the course of evolutionary history. The greater the divergence, the 
greater the number of evolutionary changes, and the higher the value seen on the Y- 
axis. As can be seen, as the set of organisms analyzed is reduced to those that are 
more closely related, the extent of sequence identity and evolutionary conservation 
increases. Never-the-less, the variable rates of evolution can be clearly seen even 
among just the mycoplasma group by noting the interruption of highly identical 
(conserved) regions with extremely variable regions. This information 'provided the 
basis by which the location of potential PCR primers and TaqMan probes were 
determined that could be used to detect specific groupings of organisms. 
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Sequence Evolution 

The sequence alignments in Figures 7.1 and 7.2 were used to construct the 
evolutionary trees in Figures 7.5 (prokaryotic) and 7.6 (eukaryotic). These trees show 
the evolutionary relationship between these organisms as calculated by Maximum 
Likelihood methods using Phylip (Felsenstein, 1994) and fastDNAml (Olsen, 1994). 
The trees displayed are based upon data obtained from the RDP (Maidak, et al M 
1994). These relationships were confirmed using additional analysis methods based 
upon maximum parsimony using PAUP (Swofford, 1993), and neighbor-joining using 
Clustal (Higgens, 1991) and GCG (Devereux, 1994), These trees are shown only to 
indicate approximate evolutionary relationships between these organisms. No attempt 
was made to clearly define the branching order between closely related sequences 
(and thus define the common ancestry and evolutionary lineages of these organisms). 

The length of the horizontal branches are proportional to the extent of sequence 
divergence among these sequences. Therefore, these figures show both the inferred 
evolutionary relationships and the extent of evolutionary change. For the purposes of 
environmental monitoring by PCR, we are only concerned with the sequence 
relationships and how these organisms can be grouped together. The prokaryotic 
evolutionary tree clearly shows the division between gram-negative and gram-positive 
organisms. Other relationships are as expected, and these groupings formed the basis 
of determining primer/probe combinations that could be used in a hierarchical 
detection scheme. 

Primer and Probe Prediction 

Using the data from the above analyses, a set of PCR primers and TaqMan probes 
were predicted that could be used in a PCR-based environmental monitor. These 
primers and probes were predicted with the aid of the OLIGO program (Rychlik, 1 994) 
along with direct visualization of the alignment — looking for regions showing the 
appropriate conservation and/or divergence necessary for the indicated specificity. 
OLIGO was initially used to derive a set of compatible PCR primer pairs that meet all of 
the criteria indicated above. Each of these primer pairs were than located on the 
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sequence alignment and visually analyzed to determine primer pairs that would best 
satisfy the criteria of providing a set of universal primers for amplifying prokaryotic 
sequences, and another set for eukaryotic sequences. After these sets of universal 
PCR primer pairs were established, a combination of OLIGO and direct visualization 
was again used within the confines of the PCR-amplified product, to predict sets of 
TaqMan probes that again satisfy the criteria outlined above for optimal probe design. 
The primers and probes that resulted from this analysis meet the above criteria to the 
extent possible for optimal activity. Empirical testing will of course need to be 
performed to ensure the adequacy of these oligos for their intended purpose. This 
includes assaying for the desired sensitivity to amplify and detect the indicated 
organisms, and the desired specificity in only detecting the intended group of 
organisms. 

The location of the PCR primers and the TaqMan probes are indicated on the 
sequence alignments in figures 7.1 and 7.2. The sequences of these primers and 
probes, their locations, and their predicted melting temperatures (T m ) are listed in 

table 7.2. 
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Table 7.2. PCR Primers and TaqMan Probes 
Prokaryotic 


Name 

Sequence 

Location 

Description 

T m °C 

PCR Primers 

U GGGGAGCAAACAGGATTAGA 

E-coli:773U20 

Universal Upper 

64.0 

L 

AAGGGCCATGATGACTTGAC 

E-coli: 1 193L20 

Universal Lower 

64.1 

Probes 

Uni 

CCTGGTAGTCCACGCCGTAAACGAT 

E-coli:796U25 

Universal 

76.8 

GmP 

TGAGTGCTAAGTGTTAGGGGGTTTCC t 

Stp-aur:U828 

Gram Positive 

73.7 

Enteric 

TCGACTTGGAGGTTGTGCCCTTGAGt 

E-coli:822U25 

E. coli, Vibrio, 

77.8 

Legion 

TGAAAATAATTAGTGGCGCAGCAAAt 

Leg-Pne:842U25 

Salmonella sp. 
Legionella sp. 

72.9 

Burk 

TTGTTGGGGATTC ATTTC C TT AGT AAC t 

Bur-Cep:824U27 

Burkholderia 

71.2 

Ps 

TCCTTGAGATCTTAGTGGCGCAGCT 

Ps-Aeru:833U25 

Pseudomonas sp. 

75.2 

Thb 

TGGGTACTAGACGTTGGGAGGTTT A t 

Thb-Fer:661U25 

Thiobacillus 

70.9 

Myco 

TAACTAACGAAAGGGGTTGCGCTCGt 

Upl-Ure:1094L25 

Mycoplasma sp. 

77.2 


Eukaryotic 


Name 

Sequence 

Location 

Description 

T m °C 

PCR Primers 

U ACATCTAAGGAAGGCAGCAG 

Crp:371 U20 

Universal Upper 

61.8 

L 

CGATCCCCTAACTTTCGTTC 

Ent:952L20 

Universal Lower 

63.8 

G-U 

ACATCCAAGGACGGCAGCAG 

Gir:322U20 

Girardia Upper 

70.3 

G-L 

GCCTTCGC C CTTGATTGAC A 

Gir:713L20 

Giardia Lower 

70.4 

Probes 

Fungi 

CTTTTGGGTCTCGTAATTGGAATGAt 

Asp:489U25 

Aspergillus, 

71.2 

Crp 

CAATACAGGGCCTAACGGTCTTGTAt 

Crp:440U25 

Candida, 

Cryptococcus 

Cryptosporidium 

71.4 

Ent 

TGTTCCTTTTAATCCTTCTCTCGAAt 

Ent:827L25 

Entamoeba 

68.6 

Gir 

CGGTCTCGGCGGGATCATCCTGTTT 

Gir:656L25 

Giardia 

82.1 
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Table 7.2. PCR Primers and TaqMan Probes. The composition of the predicted optimal 
PCR primers and TaqMan probes are listed for prokaryotic and eukaryotic monitoring. 
The oligo sequences are written 5’ to 3’ in the orientation necessary for synthesis. 
Therefore for upper strand oligos, the indicated sequence is the same as what would 
be seen in the sequence alignments (Figures 7.1 and 7.2), while for lower strand 
oligos, the sequence shown represents the reverse-complement of the sequence in 
the sequence alignments. 

A lower case t at the 3’ end of a probe sequence indicates the necessary addition of a 
non-templated T to the end of the probe to which the TAMRA quencher will be added. 
The fluorescent reporter dye should be added to the base at the 5’ end of the probe 
sequences. 

The oligo location indicates the organism from which the sequence information was 
derived, the number of the sequence base (this number excludes gaps introduced for 
alignment purposes) at the left-most position of the oligonucleotide as the sequence is 
viewed in the 5’ to 3’ direction of the rRNA. Therefore for oligos derived from the upper 
DNA strand (U in the location designation), this number represents the base at the 5’ 
end of the oligonucleotide. For oligos derived from the lower DNA strand (L in the 
location designation), this number represents the base at the 3’ end of the 
oligonucleotide. The L or U designation in the location is followed by a number 
indicating the length of the oligonucleotide. 

The melting temperature — T m of each oligo is predicted using the nearest-neighbor 

method as implemented by the program OLIGO. These are indicated for reference 
purposes and are useful in comparing the melting temperature properties of one oligo 
to another, but the actual melting temperatures will vary with reaction conditions, and 
will have to be determined empirically. 

The PCR primers consist of a set of universal forward and reverse oligos that should 
be able to amplify DNA from any of the prokaryotic organisms, and another set for the 
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eukaryotic microorganisms with the exception of Giardia. An alternate set of PCR 
primers was necessary for Giardia due to the extensive divergence of it's ssu rRNA 
sequence from the other eukaryotic organisms. 

The TaqMan probes consist of a number of different probes designed to detect 
particular groupings of organisms based upon similarities in specific regions of their 
ssu rRNA sequences. These groupings are shown in figures 7.5 and 7.6. along with 
the intended targets for each of the TaqMan probes. The prokaryotic probes are 
designed to detect either all of the organisms using a universal probe; a probe for 
gram-positive organisms; a probe for mycoplasma species; a probe to detect gram- 
negative enterics including E. cod, Vibrio, and possibly Salmonella species; a 
Legionella- specific probe; two probes specific for different species of Burkholderia and 
Pseudomonas', and a Thiobacillus- specific probe. 

In addition to the organisms specifically analyzed in Figures 7.1 and 7.2, the universal 
probe should also detect most other organisms that might be of concern as 
environmental contaminants. The universal prokaryotic probe falls within an extremely 
conserved domain of the prokaryotic ssu rRNAs. All prokaryotic organisms examined, 
including many organisms not specifically mentioned here, should be detected by this 
probe. We specifically looked at the ability of the universal probe to detect several 
organisms that may prove to be rare environmental contaminants, but would be 
important, never-the-less, to be detected by an environmental monitor. These include 
Listeria, Corynebacterium, Acinetobacter, and Alteromonas species. All of these 
organisms should be detected by the universal probe. If deemed necessary, probes 
specific for the detection of these, and other possible environmental contaminants can 
be designed and tested, using the same procedures outlined in this report. 

The Legionella probe should efficiently detect all types of Legionella pneumophila. 
Sequence analysis also indicates that it may also function as a universal Legionella 
probe detecting other Legionella species as well. Only empirical testing will ensure the 
applicability of this probe as a universal Legionella probe. Alternatively, universal 
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primer/probe combinations already described in the literature may be used as desired 
(Paszko-Kolva, et al., 1995). 

The Pseudomonas probe should efficiently detect Pseudomonas aeruginosa. 
Sequence analysis also indicates that it might function as a universal Pseudomonas 
probe detecting other Pseudomonas species as well. The diversity of ssu rRNA 
sequences between different Pseudomonas species makes prediction of a universal 
Pseudomonas probe difficult. Only empirical testing will ensure the applicability of this 
probe as a universal Pseudomonas probe. 

For the eukaryotic microorganisms, a universal fungi probe was designed to detect the 
presence of various Fungi including Aspergillus , Candida, and Cryptococcus species. 
Cryptococcus is not specifically listed in Table 7.3 or Figure 7.2, but analysis of 
Cryptococcus ssu rRNA sequences indicates that it should be detected using this 
probe. Specific probes were also designed to detect Cryptosporidium, Entamoeba, or 
Giardia species . It was not possible to design a universal eukaryotic probe due to the 
more extensive divergence of these ssu rRNA sequences in comparison to the 
prokaryotic sequences. 

Primer and Probe Analysis 

To ensure to the extent possible that the set of primers and probes predicted above 
satisfy the criteria for sensitivity and specificity of detection, a feature of the OLIGO 
program was used to quantify the ability of each of the oligos to hybridize to the 
different ssu rRNAs. OLIGO includes a priming efficiency (PE) statistic that attempts to 
infer the binding probability of a specific oligo to a specific sequence. The PE statistic 
includes analysis of base content, sequence mismatches, duplex stability, and 
terminal stability of the oligo. Table 7.3 lists the PE for all prokaryotic and eukaryotic 
primers and probes, along with the intended PCR product size and location for each of 
the ssu rRNA sequences. 
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Table 7.3: PCR Product; PCR Primer; and TaqMan Probe Statistics 


f Prokaryotic 

PCR Product 

PCR Primers 

TaqMan Probes 

|— 3B 

Size 

Start 

End 

U 

L 

Uni 

GmP 

Enteric 

Legion 

Burk 

Ps 

Thb 

Mv 

| Max. P.E.: 

440 

437 

562 

552 

540 

538 

533 

542 

507 

566 

B-coagu 

439 

774 

1 193 

311 

290 

562 

448 

109 

87 

65 

95 

97 

389 

Bur-cep 

435 

767 

1182 

440 

368 

465 

138 

66 

165 

533 

128 

91 

403 

Bur-pic 

435 

725 

1 140 

440 

368 

465 

152 

80 

165 

53 3 

128 

91 

384 

Eco-avi* 














Eco-fcm 

440 

792 

1212 

440 

290 

562 

420 

197 

212 

120 

0 

64 

413 

Eco-fae* 














E-coli 

440 

773 

1193 

440 

437 

562 

123 

540 

170 

81 

130 

13 

379 

Leg-pne 

442 

773 

1195 

440 

437 

456 

140 

85 

538 

71 

105 

86 

404 

Mic-Luteus 

443 

752 

1175 

381 

290 

291 

174 

97 

114 

67 

158 

1 15 

340 

M-ferme 

426 

768 

1174 

440 

245 

249 

108 

14 

190 

147 

282 

110 

414 

M-homin 

377 

766 

1123 

440 

245 

562 

101 

38 

178 

84 

207 

32 

442 

M-Pneum 

418 

771 

1169 

338 

290 

410 

91 

31 

138 

65 

108 

77 

466 

Ps-aeru 

440 

767 

1187 

440 

437 

562 

144 

205 

255 

96 

542 

63 

412 

Salmonella* 














Stp-aureus 

442 

781 

1203 

374 

290 

562 

542 

24 

149 

163 

203 

31 

371 

Stp-epider 

440 

782 

1202 

374 

290 

562 

542 

' 24 

155 

65 

203 

31 

371 

Stp-haemo 

440 

773 

1193 

374 

290 

562 

542 

142 

149 

65 

203 

31 

371 

Stp-homin 

440 

773 

1 193 

374 

290 

562 

542 

24 

\A9 

65 

203 

31 

371 

Stp-saprop 

442 

754 

1176 

374 

290 

562 

542 

131 

149 

65 

203 

88 

371 

Stp-war* 














Stc-bovis 

440 

781 

1201 

440 

290 

562 

313 

192 

167 

137 

108 

184 

459 

Stc-equins 

440 

675 

1095 

440 

290 

512 

303 

93 

184 

139 

268 

190 

460 

Thb-fer** 

308 

614 

902 

440 

298 

562 

150 

98 

176 

44 

0 

507 

372 

Upl-ure 

415 

772 

1167 

383 

290 

410 

0 

11 

126 

38 

143 

158 

566 

V-chole 

441 

771 

1192 

440 

437 

562 

122 

375 

181 

17 

21 

13 

366 

V-parah 

441 

771 

1192 

440 

437 

479 

122 

378 

181 

33 

103 

58 

366 

V-vulni 

441 

771 

1192 

440 

437 

456 

122 

393 

181 

65 

103 

64 

366 



Eukaryotic 

PCR Product 

PCR Primers 

TaqMan Probes 

messhsemb 




U 

L 

G-U 

G-L 

53339 

E9 

Ent 

Gir 



Max. 

P.E.: 

420 

443 

465 

476 

508 

523 

490 

594 

Asp-fumi 

583 

408 

971 

383 

443 

388 

108 

508 

24 

121 

204 

Cnd-albc 

570 

408 

958 

387 

443 

388 

108 

439 

295 

204 

79 

Crp-parv 

557 

371 

908 

420 

443 

338 

108 

323 

523 

153 

92 

Ent-hist 

567 

405 

952 

383 

443 

304 

175 

111 

92 

490 

93 

Gir-lamb 

41 1 

322 

713 

339 

11 

465 

476 

51 

98 

0 

595 

Human 

591 

458 

1029 

387 

278 

388 

116 

320 

260 

95 

78 

E-coli 

443 

338 

761 

279 

100 

234 

112 

82 

7 

42 

103 


* No sequence information available within the PCR primer region 
'* Limited sequence information within the PCR primer region 
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Table 7.3: PCR Product; PCR Primer; and TaqMan Probe Statistics. For each 
prokaryotic and eukaryotic organism listed in table 7.1, the size and the start and stop 
positions (numbered excluding alignment gaps) of the expected PCR product using 
either the universal prokaryotic or eukaryotic primers is shown. For Girardia lamblia, 
the Giardia-specific PCR primers are used. 

For each of the different PCR primers and TaqMan probes, the priming efficiency (PE) 
value as calculated by the program OLIGO is shown for each organism. The higher the 
PE value, the greater the chance that the indicated oligo will hybridize to the indicated 
sequence. Values above 250 are highlighted in bold type. 

These PE statistics provide a rough guide as to the potential sensitivity and specificity 
of each of the primers and probes. As indicated previously, all of these combinations 
will need to be tested empirically because the PE values may not necessarily 
represent the true ability of some of the probes to function as intended. For example, 
the mycoplasma-spec\i\c probe shows high PE values for all of the prokaryotic ssu 
rRNA sequences. Even though the mycoplasma sequences show the highest values, it 
might be assumed that this probe would act more as a universal probe rather than a 
mycoplasma - specific probe. In this instance the PE values may be misleading. For a 
TaqMan probe to function, it is important that the 5’ end of the probe be efficiently 
base-paired to the sequence template to allow for the nuclease activity of the Taq 
polymerase to cleave the 5’-fluorescently-labled base of the probe away from the rest 
of the probe oligo and the TAMRA quencher on the 3’ end. The mycoplasma - specific 
probe shows a fair degree of homology to non -mycoplasma sequences at the 3’ end of 
the probe. Much less homology exists at the 5’ end of this probe to non -mycoplasma 
sequences. Therefore, we would predict that in spite of the high PE values for non- 
mycoplasma sequences, this probe may still function specifically to detect only ssu 
rRNAs from mycoplasma species. 
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Limitations of Computer Prediction 

All of the analyses performed for section 7 rely on translating molecular biological 
knowledge into computer programs that try to make biological predictions based upon 
our current understanding of biological processes. While these programs provide a 
useful basis to make the sorts of predictions seen above, the limitations of these 
predictions must always be considered. The process of primer and probe prediction is 
necessarily a reiterative one in which the initial computer-predicted oligos are tested in 
the laboratory by using them to detect samples of actual microorganisms under 
conditions that come as close as possible to those utilized by an environmental 
monitor. Following the initial round of laboratory testing, primer and probe sequences 
will need to be refined as necessary, and the testing repeated until the desired 
characteristics are obtained. This process should eventually lead to a functional and 
efficient monitor for the detection of microorganisms in environmental samples. 
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Figure 7.1. Alignment of prokaryotic ssu rRNA sequences. 

Alignments of the ssu rRNA sequences of the prokaryotic microorganisms listed in 
table 7.1 are shown. Gaps in an alignment position are indicated by dashes. Numbering 
across the top of the alignment include gapped positions. 

The variable regions of the ssu rRNAs are shaded in gray, and labeled in red. These 
correspond to the variable regions discussed in Neefs, et al., 1991. 

The position of the upper and lower PCR primers are shaded in light blue. The 
position of the TaqMan probes listed in table 7.2 are also indicated. The numbering has 
been altered due to the inclusion of gaps in the numbering of the alignments. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, 
et al., 1994). Some of these sequences were taken from release 4.1 of the RDP, 

October, 1994. 
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Prokaryotic ssu-rRNA Alignment 


1 11 21 31 41 51 61 71 81 91 100 

I I i I I I I L I _L _± 

Stp-hae /• TIT - TINN CTC- -T -AC C T C O T CCTA AT- CAT Cm/ TC a C-AA C\ - -CA A. >v C 

Stp-hom -a ITT A 1.WT CTC mT A AC C T C C AT ; CCTAATACAT CAM, TC' .a CVAm CA AC A - /s C 

Stp-aur TTJT T ITT > TCCT CTC AT n'C C T ;• C • C ,T CCTA ATAC AT CA/ 1 C A A C :A A O : - AC ;A Vw\ c 

Stp-war CTC- AT A AC C T C C T CCTAATACAT CA/ ; TC A : C- .A A CA ATAA* ■/ V C 

stp-epi — wrmvr - - tit a tcct ctc- at aac c t : c o t cctaatacat .ca/-:..tc;a c aa ca vac-a.' -■ c 

Stp-sap AT AAC C T/C CT CCTAATACAT -CA/ TC .TV /. C;AA CA ATAA. • ’A C 

Eeo-avi 

Eco-fcm 

Eco-fae 'IT ITmT -m- TIT - TCCT CTC- AC nAC C T C C T CCTAATACaT CA/ TC MvA C CT r TCTITCC TCCC A T C 

Stc-bov — CTP T m /• TTT TCCT CTC/ -C AAC C T C O T CCTAATACAT CACTAVAM C CT A n - CTTT/V C 

Stc-egu 

B-coagu a ,A TIN m TCCT CTC 1 mC a AC C T C CT CCTNATA CNT Cw TC : T, C A CC TPFTAAAA C 

Upl-ure TLTTT- ma - 'ITT - TCCT CTC ' ATTaaC C T C CAT CCTAATACAT CA ATC AA C -A A CCT- 

M-pneum --NtfTUTTCT - A TTT > TC'CT CTC nTT-V C C T C CAT CCTAATACAT CA/ TC AT C -A A A TA 

M-fenue --MWTITIC v v TIT -A TCCT CTC/ 1 AT -.AC C T CT T T CCTA .ATACAT CAT TC ;A , C ;AA .TA- 

MTiomin --N1TTITAT ma A TIT - TCCT CTC/\ AT AnC C T CT T T CCTAATACAT CAT TC A C A : TT - 

Mic-lut -T1TTITC A- A .TIT - TCCT CTC- MTOAAC C T C C T COTA AC A CAT Cm ' TC A A C A\T : -A A CCC V C 

V-parah N TT - TH 1 A TC/T CTC- - ATT A C C T C C/V CCTAACmCAT CA/ TC /A. ; C M-mAAC- A- TT ATCT AAC-T 

V-vulni TT mm .a TIT - 1C AT CTC A ATT A-C C T. C CA CCTA AC AC AT C/\/ TC A • C/CA/CAC- --A a AAAC 

V-chole 'TP .-'Am TIT m TCCT CTC a ATT -AC C T C C/V CCTA AC AC AT CA/ MTC AC C ; CA .00- — A' A ■ ’AAC 

E-COli -IT AA A TIT / TC' T CTC- AIT a AC C T ' O-C/v.V CCTA AC AC AT CA'ATCJAA C A.TAACA — . ;AA: .A AC 


S-cbole 

S-dubli 

S-enter 

S-parat 

S-typhi 


Leg-pne N- CT A ITT m TCCT CTC \1T -C C T C CAT CTP/ nC-CAT CA/ TC -aa C CA; CAT- --T/TCPA C 

Ps -aeru NT-CT -A A TIT - TC/ T CTC-. ATT - C C T C CA v CCTAACACAT CJ\j TC /“ \ C A T : 'V A C 

Bur-cep CT - TITO TCCT CTC -TIN C C T C CAT CCTTAC CAT CA/ TC AAA C: CA CAT- — C’’ TC 

Bur-pic — TT C CAT C. ■ TC. 7'A C ACACAT ATCTA C 

Thb-fer 

- &IJ ” ~ ^ 
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Prokaryotic ssu-rRNA Alignment 


Stp-hae 
Stp-hom 
Stp-aur 
Stp-war 
Stp-epi 
Stp-sap 
Eco-avi 
Eco- f cm 
Eco-fae 
Stc-bov 
Stc-equ 
B-coagu 
Upl-ure 
M-pneum 
M-f erme 
M-homin 
Mic-lut 
V-parah 
V-vulni 
V-chole 
E-coli 
S-chole 
S-dubli 
S-enter 
S-parat 
S-typhi 
Leg-pne 
Ps-aeru 
Bur- cep 
Bur-pic 
Thb-fer 


101 


TV CTCCTIT 

vv ciccrrr 

TV CTTCTCT 
TV CTCCTTT 

tv ctcctct 

TV CYCYTTT 


111 

I 

7C ' 

, c 

.AT 

AC . 

; ac ' ■ 

nC‘ 


121 


131 

.. .... J„ 

TV- a C , 

— -TV- A- C 

TV- A- C 

f lT- A C 

— -TV- A- C 
TT- A: C 


-C 

-\c 

AC 

-C 

AC 

AC 


*1T C CTC-A TV ' AAA A- 
1T CT' './■ T T a 


T C 
TT, C 


TT CTTTT.a > A a — 

TIT C 

T/ at 1 CT 

C--TACC 

C-AT-- 


IT CT NN 

TC -AC ATAAC- 

TT 1TTCTC 

TT TTCCTT 

TV CTTCTTT 


TT- A AO ; 

TT- A AT ‘ 

TT- AC/V ■ C 

TT- AAC -- C 

CT- A. C C 

TT ,V T C 

C TO - A C i C 
T AC-; A- o • C 
T C- A C r.{. 
or AC A T v. c 


AC 

-.AC 
A-C 
AC 
-AC 
A AC 
v AT 
•\ AT 
'A AC 
AC 

- • c 

- AC 
’ AC 


TT CT- AC' -- 
TT CTCCT — — 

TTWOCCTO 

TT CT ATT — 


— ,;ata c 

-AT TC- 

T C 

— AT C 


T 
C 

t - d 

t q 


-AC 
• AC 
A AC 
'•'AC 


[vi_| 


141 

I 

T A TAA 
- > ,T -A’ TAA 
, > T 'At TAA 
i T A 7 TAA 
T -A TAA 
:■ T i A- TAA 


151 

1 


1 

C-C T 

T 

CAC T - 

■T/ 

CAC T 

■AT/ 

CAC T 

-T 

C-C T 

AT/ 

CAC T 

. T / 


T A 

TAA 

C-C T T- 

T A 

TAA 

C C TA -TA 

T .A 

IN— 

C C T .A TA 

T A 

TAA 

CAC T CA 

T A' 

TAA 

C-C T.-TCC- 

T A' 

TAA 

C-C T-TCCA 

T -A- 

TA A 

C-C T CTCA 

T A 

TAA 

CTO T CTT-. 

T /v 

TAA 

CAC T A- TA 

T A 

TAA 

T CCT- • A- 

T A- 

TAA 

T -CCT ' A- 

T A 

TAA 

T CCT - 

T /v 

TAA 

T TCT ,A- 


r T A TAA C C T- ■ > 
T A TAA T CCT 

T 'A TAA TACATC A 
T A TAA T C TC 


161 171 

I I 

ACCT-CCTAT -- ACT. 
-CCT.-CCT-T /'m -CT 
-CCTACCT-T AA -CT 
CCT.-CCT-T -- act 
• CCT.' ‘CCT AT -A ACT 
-CCTACCT-T A A . CT 


CCT-CCC-T 

ccr cctac 
-cct ccr-c 
-CCT cct t 
atct-ccctt 
-TCT-CC1TA 
AC TACCCTT 
ATCT-CCTIT 
ACCT CCCIT 
-ATT CCCT 

aatf ccct 

A ATT CCC 
A ACT CCT A 


C.a A 

Ta C - 

TA C * •• A 
.a A 1 ACN ■ ■ A 

A A TT* A 

TAA T A 

CA> TTT CA 

TA' ATT A A 

aACTCT A 
-T T A 
AT T A 

TA ;.A A 


AT.-T CCTT -A- A - 

ATCT CCT -A TA T vv 

CAT TCCT T- T - •- 

C T CCCT TA T 


181 

I 

TA-CTPC 

TAAC r rrC‘ 

TA-CTTC 

T--CTTC 

TA-CTTC 

T-ACTTC 


T'ACACTT 

taactatt 

T-ACTNTT 
TA-C CC 
T-ACTA TC 
T-ACTa TV 
T.A C ACT 
TACCC-TT 
TAA CCT 
TA ACC AIT 
TAACC-TT 
TA ACC ATT 
TA ACTACT 


CAACTT 
T-AC TCC 
TA -CC C 
ta.act.a f rc 


191 200 


■*A CC 

C 

' ACC 

- c 

■'ACC • 

C 

AACC 

c 

'•'ACC 

z\ C 

-ACC 

A- C 


A A AC T C 

A A AC' ATA C 
A A AC AT- C 
.-A ACC C 
AAA. ATT/' C 
-AA ACT- C 
A A AC A TC :a 
-AACA-T C 
-.-ACT- 1C 
—AC AT C 
.--.AC AT C 
A A AC AT C 
A A AC TA C 


A A -CTCAA C 
A A AC C C 

AAA CCNN-T 
r \ A — -ATT.- C 

AAA CCN C 


Section 7 - Page 25 




I 


( 


( 


Prokaryotic ssu-rRNA Alignment 



201 

1 

211 

1 

221 

1 

231 

1 

241 

1 

251 

1 
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1 
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1 

Stp-hae 

T T CC 

‘ T 

T 1TTC 

-A-A CC CAT 

T-TC ATA 

TCAA/V AT. 


TTT 

T - 

CTA 

TC 

•\CTTATA- 

Stp-hom 

T T CC 

T 
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T-TC ATA 
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TT 
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TC 
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T 
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CT 
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TC 

\CTTATA 
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T T CC 

T 
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TT 
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ac 
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T 
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TT 
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TC 
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civ. 

TC 
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C T 
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TT 
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T 

ac 
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T T CC 
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-T-, 1 AC CAT 
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CT 

TC 
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c— 
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cr 

TC 
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c— 

TT 
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CT i 
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AC 
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A ACTTT 

- TIC Cat 

. w\ATCA/>a. t 

T- . AAA' AC 

CT— 

CC 

A A- 

T 

TC 
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— 
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CT 

TC 

CT 
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T 
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T-aCC TT 
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T 
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CN 
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T T CC 
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— 

TT 
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---• CTTC . 

CT 
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TC 
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AT 
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C- 
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TC 
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C 
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C 
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, :; k q 

— Caaa ■ 
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C - 
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Ta 

CC/ TC 
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i 
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C 
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VA 
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AC 
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C 
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AT 
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N- 
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C 
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-CCTC 

/ T 
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NN 
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-TC-TT C - 
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C 

CT TV 
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j 

3< 

I 

1 

AT 
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C 

1 

CC 

1 

■TATTA 

mT 

A CCT 

c 

cc 

TATTA 

-\T 
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c 

CT 

•CATTA 

AT 

'TCC 

c 

cc 
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•vT 

/ICC 

c 

NC 

CATTA 

, T 

ACCC 

c 

CC 

■TATTA 


/\T aCCC C 

* t -ccr c 
T ACCTNC 
aT CCC C 
\T A T C 

T A' T C 

m C • T C 
.AT A T C 
AT aCTC C 
- TAT CCC a 
TAT CCC a 
TAT CCCA 
.AT T CCC A 


T CATJV 
TT TATTA 
TN TATTA 
C Ca'JTA 
AC TATC.a 
CCaTATC ' 
TV aC'VJT.m 
■ AaCATTA 
CCT. TC ' 
T ATTa 
T ATl'A 
T ATT 
AT ATTA 


att > ccr c 

. T A CCTA 
TT CC AT 
C CC AT 

t - ccr C 


'ICC ATTA 
TC ATTA 
CT ATTa 
TCT ATTa 
TC TI’a 
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301 

1 



311 

j 



321 

1 


331 

| 



341 

i 

351 

| 


361 

i 

371 

1 

381 

1 


391 400 

1 1 

Stp-hae 

1 

CT 

IT 


1 

T v 

O 

c 

I 

TO 'CO a 

c 

o 

aT/ C 

T 

1 

A 

CC ACCT 

1 

A A • 

T -aT 

1 

C 

COO OT 

1 

■A-OT A 

1 

/*. O C 

TCC 
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ACTCCTAC 

Stp-hom 

CT 

TV 

TV 

■* T ' 

O 

c 

TOCCaA 

c 

. -c 

aTAC 

T 

A' 

CC ACCT * 

A'. ;A 

T AT 

C 

CCaCACT 

A ACT ' 
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Stp-aur 
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TO 

Tv 

IV 

AC 

c 

TO 'CCA A 

c 

A AC 
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T 

A 
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A* -A' / 

■ T AT 

c 

CCACACT 

a ACT 

A c C 
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ACTCCTAC 

Stp-war 

CT/ 

TT 

T 

T ' 

' c 

c 

rr cc v . 

c 

A AC 

'TC 

T 

/V 

CC ACCT 

A- -A 

T 'AT 

C 

COO ACT 

■ -A ACT A 

A CC 

TCCA 

ACTCCT/ C 

Stp-epi 

CT- 

TO 

T- 

... '£>/* 

o 

c 

TOOCam 

c 

'AC 

T C 

T 

A 

CC ACCT 

A ;a 

T AT 

c 

CCAC CT 

• ' A ACT A 

/> CAC 

TCC A 

ACTCCTAC 

Stp-sap 

CT' 

TO 

T 

M TA 

c 

c 

to cc * 

c 

AC 

•T/'C 

T 

A - 

CC ACCT 

A : A '< 

T AT 

c 

CCACACT 

.A «\CT A 

■A CAC ■ 

TCC a 

otcct o 


Eco-avi 


Eco -f cm 


Eco-f ae 

CT' 

TO 

T 

\ TA AC 

C 

TO OCA a 

c 

o 

aT CAT 

f\ 

cc 

/OCT 

A A 

T /T 

C 

CC O CT 

ACT - 

/*. O O 

CCCA ■ 

aCTCCTaC 

Stc-bov 

CT 

TO 

T - 

' IV Q 

C 

TO CC- 

c 

■AC 

/'TVOVT 

A 

cc 

ACCT 

A A- 

T AT 

C 

CCACACT 

•/'.CT a 

■A CAC 

CCC.A 

/vCTCCT/C 

Stc-equ 

CTN 

TT 

T ' 

\ T A AA 

C 

TCACC^A 

c 

o 

\T/ CAT 

A' 

cc 

ACCT 

A A 

TOT 

C 

cc.'C/vor 

■ OT 7\ 

, CAC 

CCCN 

ACTCCTAC 

B-coagu 

CT 

TV 

C 

TV AC 

C 

CO CCA/* 

c 

NO 

-T C T 

A 

cc 

ACCT 

A A 

T /T 

C 

CCAC/ TT 

CT - 

CAC 

CCCAN 

ACTCCTaC 

Upl -ure 

T 

rr 

T / 

v T 'AT 

C 

TCnCCAA 

1C 

'■•T 

/O C T 

AC T 

TACT 

..A 

' T/' --/sA 

CA 

CCAC A AT 

\CT a. 

n C 'C 

CCC.T 

ACIOCTmC 

M-pneum 

CT 

TO 

T 

TV* AC 

C 

CT CC > > 

c 

■w'T 

mC T T 

A 

CT/' 

T CT 


T/ /'A 

T. 

CC C. T 

‘ACT * 

/ CC 

CCCAT 

ACTCC1VO 

M- f erme 

CT 

rr 

T 

■ T" ' O 

C 

COON • 

c 

AT 

AT TIT 

N 

C 

*■ TO 

t\- t\ 

ACT -/'.A 

CC 

CO O CT 

ACT /\ 

• TO 

CCNN 

ACTCCT'C 

M-homin 

TO 

TO 

T .• 

■ TV AT 

C 

CO CC ' - 

C 

TAT 

T ITT 

A 

CC 

1C 

A :/> 

CT A/* 

C 

CCAC TO 

•CT /v 

a TAG 

CCNN/' 

ACTCCTAC 

Mic-lut 

CTO 

TO 

T 

T AT 

c 

VC .CO"* 

c 

- c 

c r r 

A 

cc 

ccr 

/'.■ -A 

T aC 

C 

■CCACACT 

/'.CT 

A C'C 

CCCA 

.aCTCCT/'C 

V- pa rail 

CTO 

TO 

T 

*■ ' TA A 

C 

TOOT * 

C 

O 

1 TCCCT 

A* 

CTO TCT 

A A 

■aT- / T 

CA ; 

CCACACT 

A ACT A- 

A CO 

TCC/' 

ACIGCTAC 

V vulni 

CT 

TT 

T 

• IV A • 

c 

TC CC A 

c 

O 

TCCCT 

A 

CT 

TCT 


'T AT 

CA 

CCaCaCT 

A ACT ' 

/' C C 

TCC \ 

CIOCTaC 

V-chole 

CT 

rr 

T 

V TAa : 

c 

1C CC A 

c 

o 

lOCCT 

l v 

CT 

TCT 

A -A 

T /\T 

C/\ 

CC/'CACT 

AACT a 

A CAC 

TCCA 

ACTCCT/'C 

E-coli 

CT 

T- 

T 

T AC 

C 

tc ccr 

c 

AC 
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A 

CT 

TCT 

A - 

T C 

CA 

CC/OACT 

•A ACT ■ 

A CO 

TCC a- 

ACTCCT C 


S-chole 
S dubli 
S-enter 
S -pa rat 
S-typhi 


Leg-pne 

CT 

IT 

T 

T • 

C 

CT/ CC 

C 

o 

TC 

N A CTO 

TCT A 

•T 

AC 

C/. 

CCaCaCT 

A '.CT M 

v. C C 

TOC/' 

ACIOCT/O 

Ps-aeru 

CT 

TO 

T 

TA*w 

C 

CT CC ■ 

C 

C 

IOC 

T 'ACT 

TCT A 
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AT 

C/> 

TOO/ CT 

// •■CT 
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TCCA 

/'CTCCT/C 

Bur -cep 

CT 

TO 

T 

IV A/ 
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CT CC 

C 

o 
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T v CTO 

TCT a 
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C 

CA 

CCA C ACT 

* CT 

/ C'C 

CCCN 

ACTCCTAC 

Bur-pic 

CT 

TO 

T 
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TC CC 

C 

C 

’TC 

T . ' CT 

TCT 

c 

■AT 

CA 

CC O CT 

CT / 
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CCCA 

\CTCCT/C 

TOb-f er 

CT 
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T 

T 

c 

CT CC 

c 

C 

IOC 

T CT 

TCT 

'T 

T 

C'» 

CC/ C CT 

CT ‘A 

CO 

CCCN 

aCTCCT c 
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Stp-hae 
Stp-hom 
Stp-aur 
Stp-- war 
Stp-epi 
Stp- sap 
Eco-avi 
Eco-fcm 
Eco-fae 
Stc-bov 
Stc-equ 
B coagu 
Up! -ure 
M-pneum 
M-f erme 
M-homin 
Mic-lut 
V-parah 
V-vulni 
V-chole 
E-coli 
S-chole 
S-dubli 
S-enter 
S-parat 
S-typhi 
Leg-pne 
Ps-aeru 
Bur -cep 
Bur-pic 
Thb-f er 


401 411 421 431 441 451 461 471 481 491 500 
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i 
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CA 

Cm 
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Ca 

Cm 
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c 
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i 
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c 
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c 
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i 
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c- 
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Tm 
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.-A '• T -AA'. -A A a : 

7T-7T-C -> : 

ATC TAAAAC TCT TO TT.m 

O' 

C/\ 

T.M 

■ MmTCT 
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CN 
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c 
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i 
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CA 

TA 
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C 
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a 
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3 Jj 

Jj 

• o 

.1i Jj 

iL 

30 Up 

;X 


3 ,1. 

XL 

3 - 

J.3 

ip;a Ji. 

OtJJ.oj 

3 

3 

J. 

33 3 

<L X 


3 

3 J, 

Jj 

• 3 

J. Jj 

J. 

OOI.L 

jj. 


3 Jj 

JX 

3 

J.3 

it ip 1 1 i; ; 

; ;xuxo 

j 

3 

,1- 

33 3 

J, Jj 


3 

3 Jj 

J, 

O 

' il«: J, 

Jj 

301.1. 

jiL 


3 J. 

J.L 

3 - 

XO 

in/ .if <lr; 

0X1X0 

1 

3 

j 


X 

I 

33 3 

1 

J. J. 

| 

3 

3 Jj 

X 

1 

3: 

Jj X 

Jj 

1 

o:\j.l 

ill 

1 

I 

3 iL 

J.L 

1 

0 - 

J. J.O 

1 

• »i J H 1 1 j; • 

1 

()()>! 

1 

] fa/. 


1 

1 «/. 

1 

T/,/. 


1 

TO/. 



1 

TO/. 


1 

T \ ? l. 


1 

IT/. 

i 

1<7. 


i 

! 1 /, 


10/. 



iuaiuu6|iv VNM J ' nss ->!JoAjr>|oj ( h 

) ) 


I 



Prokaryotic ssu-rRNA Alignment 



801 

1 

811 

1 

821 

1 


831 

1 

841 

JL 

Stp-hae 

T 

TCTCT/ 

a CT C CT t. 

' T 


C A i\,\ 

C *lf r > ATC 

AnACAG iATT 

Stp-hom 

T 

Tcaxrr, 

a CT aC CT - 

s T 

T 

C AAA 

C r i /y-, ATC 

AAACAGc ATT 

Stp-aur 

T 

TCT T 

a CT nC CT / 

' T 

T 

C A.vA 

c ttgg:atc 

AMCAf^ATT 

Stp-war 

, T 

TCT T 

CT <'C CT 

T 

V 

C A A .A. 

CdU.UAiATC 

AAACA^i 

Stp-epi 

T 

TCT Tr 

CT -AC CT / 

\ T 

T 

0 NAv 

O 

AAACA'^ATT 

Stp-sap 

T 

Terr Tr 

A CT mC CT 

•• T 

T 

C 'AAA 

C 1 G7 >. -ATC 

AMCA<7iATT 


Eco-avi 

Eco-fcm 

Eco-fae 

Stc-bov 

Stc-equ 

B-coagu 

Upl-ure 

M-pneum 

M-ferme 

M-homin 

Mic-lut 

Vparah 

V-vulni 

V-chole 

E-coli 

S-chole 

S-dubli 

S-enter 

S-parat 

S-typhi 

Leg-pne 

Ps-aeru 

Bur-cep 

Bur-pic 

TOb-fer 


viTA^TCCaC- CC TAAAC - a ttiAUTCCTAA imiTTAG 

TA iTCCAC-G CC .mAC,;A TGAdT ctaa 
CTAGTCCACG GC .TAAAC;A TiACTiCTAA (.miTTAt i 


XTl; OTAOTCCACO CGaTAAACGA tojAiiTCjCTAA imSTTAtt" 


( 7 WI P IVn/x- 


T 

TAT Ti 

;A CT AC 

CT A 

CICNNAA 

C 

T 

TCT Ti 

A CT AC 

CT 

CTC ■/-. 

A A 

c 

T 

TCT T 

* CT AC 

CT .A 

CTC 

A A 

C 

TO 

TCT T 

■A CT AC 

CT a 

C C A 

A A ■ 

C 

T 

- CTATC 

A CT AC 

CTTA 

CTC A 

A A • 

T 

T' 

CCATJ 

fA CT \C 

CTTV 

CCT A 

A A ■ 

T 

T 

mCaTAT 

|A CT AC/ 

CT A 

. / \C ■' 4 ‘ 

A A • 

C 

T 

TCTAT 

CT AC 

CT A 

. - iC A 

A A 

C 

T . 

CT T 

!a CT AC 

CT A 

A CNA 

AA 

c; 

T 

AC- nT 

[a. CT AC/ 

\CTC/ 

AT C A 

A A ■ 

c 

T 

.AC A -AT 

(A CT AC/ 

vcrc- 

AT C A 

A/v ■ 

0 

T 

: AC A AT 

A CT ACACTC/ 

AT C A 

A A- • 

c 

T, 

AC -A A 

A CT ;AC 

■ctc.a 

T C A 

AA- : 

c 


C flGGVA 1 ;C 
C 

c ■■nw* a< \c 

C r j G NNACC 
T i i ^ 

T *3 ^ ; \ N Aj. C 
G T GAAiACC; 

0 I 1 .■>;:? xw;c 

CAT > A- 7 C 
C -T GG'K-AOC 

C ;C 

c a>.yi w.c 


AMCAGGATT 
AAACAv^hATT 
AAACA'^ATT 
NAACAt a . : ATT 
aaataasatt 
aaata gatt 

AAACA./-ATT 
AAACA^-ATT 
C^ACAC^WTT 
AMCA:_V'xATT 
AAACA iGATT 
AAACAC^^ATT 
AAACA^^ATT 


A- 7 TAG 
A' if TAC 
AG/ 5 TAC 
AGii TACj 
A V 1 TAC 
AG/ 5 TAC 
A Ctf TAC 
AvV TAC 
AGJ TAC 
AC i/ TAC 


iTA TTCCAO ’ CCCTAAACGA TXiAG*B?.CTAA CT.iTTk ; 
OTATTCCAC I CCGTAAAC iA T . AGaCCTAG < JTGTTAQ GC 
;;TAGTCCAC CCCJTAAAC 4A jTGAGT'CTAt i ( iTTiTTA gCC 
CTATCCACG CCOTAAAC GA |T3AG*IGCTAA GyiTTAOVV, 
GTA-ATCCACA CC TAMCGA ifcATCATT/lA AT TC CCC I 


CTA-.TCCACA CC TAMCGA T TATCATO 
GTAGTCCACA CO TAAAO *A T ATACT/ 
CTAGTCCACG ccctaaacga T atcato 
GTA TCCAO : CC iTAAAC. A T ATCATIV 
' -TAGTCCAT.i CC >TAAACGT t| CACT/ 
GTCGTCCACG CCCiTAAAC GA T: 
gta atccac i ctgtaaacga t. - 

OTACTCCAO'3 CCiTAAACGA «E- 
CTAGTCCAC i CCGTAAACAA T. 


CT TC 
CTAAT 
TO • T ' 
i TOT 


Enteric Pro 1 


T CCTA-i' 
T 'CT -A' 

T 'CCA A* 

T -AT;\A< 

T.v «CT'\/A 


A CT- ACACT -A •• C“C 
.A CT ACACT A T C AAA 
A CT AC CTC A T CAC A a /> 
a CT AC CTCm T CaC AAA 

A CT ACACT A C C * » A A 


GViAG C AAACAGCATT AG/1 TAGCCT i 
; > A .*AGC AAACAC^TT AG*TACCCP.D 
; a VV.iC AAACAGGATT AC7TACCCT ; 
v: :, A<AC AAACAX/ATT AO/TACCCTi 
A-GVVr AMCA G G-ATT A O/TACCCTG 

i I rCli Prhnrr 


GTACTCCACG CT:iTAAAC;A ti TCAACTAa. 
CTAGTCCACG CCiTAAAC -A TjTC ACT/'-: 
iTAGTCCAC r CCCTAAAC A T) TCA ACT , 

gtagtccacg. ccctamc :a Tctcaact/ ; 

GTACTCCAG'A CCATAMCGA MKMMB3 


CTATT.A TTA 
CCTT ■ 


Ps P robe 
Burk Probe 
Thb Probe 


Probi 
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J- ~ i — ...... i i i 

TTTCCj”- C CCCTTA T C T O CTAAC C vTT A CA CTCC CCT 

' 'TTTCC — C CCCTTA T C T Cm CTAAC CATTma CA CTCC CCT 

OTITCC-- C CCCTTA T C T CA CTAAC CATTaA CA CTCC CCT 


CATTaA CA CTCC 1 CCT ■> 4 


•=■ A TAC AC C CAA TT mA aCTCAA A- -A ATT AC ACCC Cm 

A/vTAC AC C CAAv 'IT AAACTCAAA- A ATT AC • ACCC Cm 

A TAC AC C CAA TT AAACTCAAA- -A ATT AC ACCC C A 


MTTTCCj — « C 

CCCTTA 

T C 

T 

CA 

CTA > C 

C/vTTAm 

CA 

CICC CCT 

; >A 

TAC AC 

C 

CAA 

TT 

AAACTCAAA- 

A ATT AC 

ACCN Cm 

TTTCC 

— C 

CCCTTA 

-T C 

T 

C’A 

CTAAC 

CATTAA 

CA 

CTCC CCT ;• 

'• ■ : A 

TAC AC 

c 

■CAA 1 

TT 

-AAACTCAAA- 

AATIV AC 

ACCC 

Ca 





TTTCC 

— c 

CCTTCA 

T C 

T 

Cn 

C-*AAC 

CATTaA 

CA 

CTCC CCT 

■ -A 

TAC AC 

c 

CAA' 

'IT 

/»A ACTCma#\- 

•/\/\TT AC ■ 

NCC 

Cm 

NTTTCC 


CTTA 

T C 

C 

*. A 

CTAAC 

CATTAA 

CA 

CTCC CCT 

■ ;a 

TAC AC 

C 

CAA 

TT 

AaaCTCaAA- 

A ATT AC 

CCC 

CA 

CTTICC 

. . 

r-' ■ 

CTTA 

T C 

C 

o 

CTAAC 

CATTAA- 

Cm 

CTCC CCT 

• A 

TAC AC 

C 

CAA- 

TT 

AAACTCAAA- 

- A ATT AC 

CCN 

Ca 

< TTTCC 

r - c 

CCTTTA 

T C 

T 

Cm 

NCTAaC 

CaTTmA 

CA 

CICC CCT 

■ A' 

TAC C 

C 

CAA 

CT 

t * A A CTO v A > \ — 

MATT AC 

CCN 

Cm 

A A 

T 

- TC 

T T 

T 

TA 

CTaAC 

CATTaA at 

aT T CCT 

TA 

TAC ATT 

C 

CAA' 

■A AT 

AA ACTCA/\/\C 

'A /ATT AC 

ACCC 

CA 

— C. ATCC-- 

-CCTC 

•TA‘ 

T 

■A A 

.•TTAAC 

CATTaA 

T/\ 

TCTC CCT 

• ;ta 

: T CATT 

c 

CAA 

A AT 

MAACTCmA AC 

A ATT 1 AO 

ACCC 

CA 

-.v. 

— 

— CTCATC 

C 

Cm 

CTAAC 

CATTAA 

\T 

ATCC CCT A 

TA 

•TAC TT 

C 

CAA 

•A AT/' 

s A A CTTA A / \ - 

A ATT AC 

ATCC 

CA 

V A. 

A 

— TCA 

CT A 

C 

Cm 

CTAAC 

CATTAA 

VP 

a TCC CCT A 

TA 

•TAT CN 

C 

CAA 

A T 

A AACTTAAa- 

■A, A 


— 

C/ TOC 

-c .• 

TTTCC 

O € 

C 

Cm 

CTaAC 

C \TTA A- 

T 

CCCC CCT 

■ -A 

TAG C 

c 

CAA- 

Cf/‘ 

A A ACTCAA A - 

A ATP AC 

N COT 

Cm 



CC T 

CTTT 

C 


CTAAC 

C TTAA 

-TA 

CACC CCT 

: ;a 

■TAC- T 

c 

CA A- 

ATTA 

AamCTCAAa- 

T A ATT AC 

CCC 

CA 

r 

: 

CC -T : 

CTTT 

C 

. :A 

CTAAC 

C 'TTA A 

:ta 

ACC CCT 

■ :A: 

TAC T 

c 

CAA 

ATTA 

aaacicaaa- 

T A ATT AC ■ 

NCC 

CA 

AC 


NC -T* 

CTTT 

C 


CTAAC 

C TTAA 

-TA 

ACC CCT ; 

. - my 

•TAC T 

C CAA 

ATTA 

m A ACTCAA A - 

T -A ATT ; AC 

NCC 

Cm 

a 

•V 

C T 

CTTC 

C 


CTAAC 

C TTAA 

TC 

ACC CCT 

. A 

TAC C 

C 

CAA 

TTA 

m A ACTCAA A- 

T A ATT AC 

- CCC 

CA 


Legion Probe 


CTTCT ■ > T T 



C 

AT* 

\ TT 

■ A CC CCT 

a TAC 

T 

C 

Cm A 

ATTA 

aMaCTCAm 

m- A ATI' AC 

CNC 

Ca 

K 

c 

‘AT/ a 

' TC 

ACC CCT 

A TAC 

C 

C 

CAA 

TT-' 

A m ACTCAA 

T A ATT AC 

CNN 

Ca 

TA CT' C 

c 

T ' 

TT 

ACC CCT 

a T-'C 

T 

C 

€aa 

mTIV* 

ACTCAa 

A ATT AC 

ACCC 

Cm 

•TA CT - C 

c 

T v 

v TT 

■ACC CCT 

A T-'C 

T 

C 

C.a.m 

•TT ■ 

Am-'CTC '' a 

i 

n 

ACCC 

C-' 

OSST-.'C 

c 

v.Tm, 

TO 

--CC CCKK 

. T C 

C 

C- 

— 






— 
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( 


1001 1011 1021 1031 1041 1051 1061 1071 1081 1091 1100 

I I I I I I i I J I 

Stp-hae C--x C T /• C.'T T T TIVATTC 'Am Cam T -TAA AACCTTACC AAATCTT AC .TC-CTTT - -ACAACTCTA A ATA ;-A CCTTC-C— T 

Stp-hom CAA c T A CAT T T TT/nATFC -h>\ CAAC C AA AACCTTACC AAATCTT AC A TC-CTTT - -ACCCITCTA ' A -ATA -AA -TTT— CCT 

Stp-aur CA,. C T A CaT T T TTaATIC AA CAA C -C AA AACCTTACC AAATCTT AC ATC- CTIT - -ACAACTCTA ;A< ATA -A CCTTCC-CCT 

Stp-war 

Stp-epi CA-. C T CAT T T TTY^TTC /'A NAAC C AA AACCTTACC AAATCTT AC aTC-CTCT - -ACCCCTCTA ‘A -ATA 1 .-A. ; TTTC CCT 

Stp-sap CAA c - T A CAT T T TTAATTC A A CAAC C AA AACCTTACC AAATCTT AC ATC-CTTT - -ACAACTCTA A : ATA :-A CCTIC-CCCT 

Eco-avi 

Eco-fcm 

Eco-fae CA'\ c T m CAT T T TTAATTC A A CAAC C AA AACCTTACC A TCTT AC ATC-CTTT - -ACCACTCTA VTVTA -A : CTTTC — CCT 

Stc-bov CAm C T A CAT T T TTAATTC AA CA AC C AA AACCTTACC A TCTT C / TC-CC AT -CTATTCCTA -v ATAf — ’ ; A A TT TCT 

Stc-equ Cam C T A CAT TO T NNAATIC -A A NAAC C A A AACCTTACC A TCTT AC ATC-CC AT 'CTOTTTCTA A; ATA- - A ATI’ TCT 

B-COagu C M C T A CAT T T TTAATIC AA CAAC C Am AACCTTACC A TCTT AC ATC-CTCT - -ACCTCCCT - • Av ,hCf\ - ' ■ CCTIC T 

Upl-ure CA ' T T A CAT TT C TTAATTT AC AATACaC TA AACCTTACC TA TTT AC ATC-TATT - C ‘AT CTATA ' AAATAT-AA TT 

Mpneum CAA T T A CAT TT C TTAATTC AC TACA.C A A A AACCTTACC TA ACTT AC ATC-CTT - CAA A TTAT AAACAT-AA T 

M-f erme CAA c T A CAT T T TTAATTP AA ATAC C TA AACCTTACC CACTCTT AC ATC-TTCT CAAA CTAT ./VIACAT-A.; T 

M-homin — TACAC : A a AACCTTACC CACTCTT aC ATC-CTTC - :AAA CTATA Av;ATAT~A: T 

Mic-lut CAA C C A CAT C ■> - A TTAATTC AT > CAAC C AA AACCTTACC AA CTT AC AT TTCTC ~ -ATO :CC TA , ;A ,ATAC- - TTTCC — CC- 

V-parah Caa c T A CAT T T TTAATTC A CAAC C AA AACCTTACC TACTCTT AC ATC-CA A a- -AACTTTCCA A’ AT -A-TT -T CT 


V-vulni CAm c T A* CAT T T TTAATTC' AT CAAC C AA AACCTTACC TACTCTT AC ATC-CA' A- ,- 

V-chole CAa C T A CAT T T r IT’ TIC AN NCAAC C AA AACCTTACC TACTCTT AC ATC-CA A - 

E-Coli CAA C T A CAT T T TTAaTTC mT CAAC C AA AACCTTACC T TCTT AC ATC-CAC- 

-AATCTA c A . :AAAC C-T . . AY -T — CCT 
-AATCTAi C A AC C-T: A T -—CCT 

-AA aTTITCA A -AT iA-' -A AT T— CCT 

S chole 


S' dubl i 


S enter 


S parat 


S-typhi 

Leg-pne CAA C T A CAT T T TTaATIC- AT CA/\C C AA AACCTTACC TACCCTT AC ATm-CA T - 

Ps~aeru CA> C T A CAT T T TTAATTC AA CAAC C Am AACCTTACC T CCTT AC AT -CT a - 

Bur-cep CAA C T AT- AT T A TTAATIC AT NA AC C AA n AACCTTACC TACCCTT C /.T - TC - 

Bur-pic CAA C -T AT aT T . TTAATTC T CA C C a/, a AACCTTACC TACCCTT AC -T -CCACT- 

-AATETT CA A-AT C-AT TA iTS— CCT 
-AACTTTCCA ■ A:;AT : -AT T ATA— CCT 
-AATCCT CT f'7v -A C- "• 7 i A ;T C-TC 

-AACSAA.-CA. -A ^AT CATT A T C-TC 

Thb f er 



V6 
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Stp-hae 
Stp-hom 
Stp-aur 
Stp-war 
SLp-epi 
Stp-sap 
Eco-avi 
Eco-fcm 
Eco-fae 
Stc-bov 
Stc-equ 
B-coagu 
Upl-ure 
M* pneum 
M-ferme 
M-homin 
Mic-lut 
V-parah 
V-vulni 
V-chole 
E-coli 
S-chole 
S-dubli 
S-enter 
S-parat 
S-typhi 
Leg-pne 
Ps-aeru 
Bur -cep 
Bur -pic 
Thb-fer 


1101 

1111 

1121 

1131 1141 1151 1161 

till 

1171 

1 

1 

T 

C 

i. 

■ ■. A-C 

1 

-T AC/' 

1 

T T C.AT 

i 

TT TC TC A' CTC T TC 

T A 

AT TT 

TrAA TC 

T 

c 

. a-c 

-T .ACA 

T T CAT 

TT 1C . f TC A^CTC T TC 

T A 

/vT TT ‘ ' 

r ITAA r IC 

T 

C 

■ — A-C 

A Av -T ,ACA 

T ;T CAT 

TT ;TC TC A 1 CTC* T TC 

T A 

AT TV 

TTAA TC 

T 

c 

-- NN-C 

A A -T v\C/\ 

T N CaT 

TT TO TC A CTC T TC 

T A 

AT TT • 

TTAA TC 

T 

c 

, - A-C 

aaa -t :acm 

T - T CAT 

TT TC TC A CTC T TC 

■T A 

AT TT 

TTa A TC 





T* 

C 

: — A — C 

aAA -T AC. 

T T CAT 

TT TC TC A CTC T TC 

T A 

AT Tr 

TTAA TC 

T 

C 

.■A A— CA 

1C -T ACA 

T T CAT 

TT TC TC A CTC T TC 

T A 

AT TV 

TTAm TC 

T 

C 

\ A A-CA 

TC -T ACA 

TO N CAT 

N TO r PC TO A CTC T TC 

T A 

AT TT 

TOAA TC 

T 

C 

• , • • - A— C 

A- -A -T ACA 

T T CAT 

TT TC TC A CTC T TC 

T A 

AT TV 

-TTAA TC 

- A 

TTAA- 

C 

AATA-T ACA 

T T CAT 

TT TC TC A CTC T r IC 

T -A 

AT -TT 

TTAA TC 


TTAA- 

c 

C A -T ACA 

T T CAT 

- TT TO TC /v CTC T TC 

T A' 

AT TT 

TTAA TC 


•TTAA- 

c 

A- AA-T ACA 

AT T CAT 

TT TC TC fv CTC T TC 

T A 

>AT TV T 

TTAA TC 

- A 

IT AT- 

c 

A -T ACA 

AT T CAT 

TT TC TC A CTC T TC 

T A 

AT TT T 

TCAA TC 

T 

T 

T < — N--C 

T-TCACA 

T N CAT 

N TT TC TC .A'. CTC T TC 

T ;a 

AT Tl' 

: TTAA' f IC 

T 

C 

. ;• : — AA — Cl 

r TCT -A ACA 

T CT CAT 

CT TC 'TC A i CPC T TT 

T A A AT TT 

TTAA- TC 

T 

c 

; — A A — C 

TCI’ -A ACA 

> T CT C/AT 

CT -TC TC t\ CTC T TT 

T 'A A AT TT 

; TTAA TC 

T 

c 

. - ■ — A- — C 

*rcr —a aca 

T CT CAT 

CT TC TC A CTC T TV 

T ' A A AT /IT 

TTAA' -TC 

T 

c 

. --/vA — C 

C T -A ACA 

TOT CAT 

CT TC TC A CTC T TT 

T vAAAT TV 

TTAA TC 

— 

— 



— 




— 



_ 

— 




T 

C 

•, / — A A — C 

/CT -ataca 

T CT Cm.T 

CT TC TC A- CTC T TC 

T ;a 

AT rr 

TTAA TC 

T 

c 

A. ’A — A A — C 

TCA -ACACA 

T CT C/'.T 

, CT TC TC A CTC T TC 

T -A 

AT TT 

TTAA TC 


A 

A \t\- A A — C 

C C- CACA 

T CT CAT 

CT TC TC A CTC T TC 

T A 

AT TT 

TTA A TC 



A- -A- 'A A — A 

T -ACACA 

T CT CAT 

CT TC TC A CTC T TC 

T A 

AT TT 

TTAA TC 

C 

A 

a ‘ --C 

CTC'-'CC' 

T CT CAT 

CT TC TC a CTC T TC 

T A 

AT TO 

TT - TC 


— 

— — 








1181 

I 


1191 


1200 


Cm AC A 
CAAC A 
CAAC A 
CAAC A 
■ -CA/ 

CA 
‘ CA 
‘ CA 
> CAAC A 
CAAC A 
: CAAC ;/v 
CAAC A- 
: CAAC A 


C CAACCCTT 
C CAACCC1T 
C CAACCCTT 

C CAACCCTT 
C CAACCCTT 


C CAACCCTT 
C CAACCCCT 
C CAACCCCT 
C CAACCCIT 



Myco 


C CAACCCTC 
C CAACCCTT 
C CAACCCIT 
C CAACCCTT 
C CAACCCTT 


TAAC 


C CAACCCIT 
C CAACCCIT 
C CAACCCIT 
C CAACCCTT 
C CAACCCIT 


V6] 
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/«,. CTTA- -TT CCATCA — T TAA T — T CACTCTAA' > Tit ACT CC 
CTTATT . CCATCA — T TA'V'T — T CACTCTAA A TT ACT CC 
A A CTTA TT .CCATCA --T TAA T — T' CACTCTAA > TT ACT CO 


T ACAAACC 
;T ACAAACC 
;T lACAAACC 


A A CTTA TT CCATCA — T TAA T — T - CACTCTAA 
A * CTTA TT CCATCA — T TAA T— T ' A CACTCTA A 


TT i\CT CC T ACANACC 
TT. |\CT CC ■ T AC A A ACC 


, 'TT TTA TT 
ATT TTV TT 
AW TOY TT 
CCTT \ IT 


TTCCAT TT 


CCATCA — T TOY T--T ; 
CCATCA— T TAA T— T 
CCATCA — T TAA T — T 
CCA. CA--T T -A T— T- 

CTTT 

C ATT - 

ACCA--T TT/v T--T A 
TAACA — T TAA T — T A 
CCA' CAC- ; r IC T - T A 


CACTCTA C 
CACTCTA C 
CACTCTA C 
CACTCTAA 

TCTA C 

TCTA C 

-ACTCTAA' ) 
CACTCTA A 
; v aCTCATA- 


V-parah 

A.TCCTT TIT 

CCA 

c ;a- •■ 

TAAT -tc . 

AACTCCA 

1 j/\ 

V-vulni 

atcctt tit 

CCA 

c: a-' 

TAAT -TC - 

* 1AACTCCA vi 

: ’iA' 

V-chole 

atcctt tit 

CCA CAC- 

TA AT - T •• 

• .AACTCC/V 

■;.;a 

E-coli 

atcctfp TO 

CCA: 

£ -T 

CC m— CC A 1 

. -AACTCAAA 

CA 


AC ACT CC 
-A* ACT CC 
TV' ACT CC i 
T ACT CC 
;AT ACT CTA 
■AY ACT CTA 
-A' ACT CCC 
AT ACT CCT 
A- • ACT CC 
J/V ACT ;CC 

;a' act CC 

;A ACT CC . 
;a act CCA 


■A' ACT ■ 

AT ACT 

.A -ACT 


T ACAAACC 

A ' 

AA ■ 

T 

AT A< 

■ TAATAAACC 

A 

:AA 

T 

AT A< 

TAATAAACC 

■A- v 

A A 

T 

AT AC 

T ACAAACC - 

•A ; • 

AA : 

T 

AT -AC 

CC -CAA T A* 

/V ' 

•A A 

T 

•AT A( 

AT -CAA ATT 

■A' ' 

;A/Y 

A A 

■ AT AC 

A -TAATC 

?v ' 

AA- 

T . 

AT AC 

. -TA ACT 

;A‘ * 

7\A . 

T 

AT A< 

N TCAACTC -* 

A 

1AA’ 

t ■ ;a 

• ;ac m 

T 1 ATAAACC 

A ‘ 

•A A. 

t 

. AC :A( 

T ATAAACC 

■A - 

A A . 

,T 

- 'AC ;a< 

T ATAAACC 1 

1A: - 

■AA- 

r T 

'* iAC A< 

T iATAAACT 

A 1 

AA 

T • / 

V AT At 


AT -A(t>T TCAAATCATC AT CCCCT1 )a 
AT ACM TCAAATCATC AT CCCCTti A 
AT AC A ; TCAAATCATC AT CCCCTT • 

AT AC A- TCAAATCATC AT CCCCTJjA 
:AT ACM TCAAATCATC ATCCCCTlK 


- ATC 

TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCAAATCATC 
TCA A> ,TGATC 
; TCAA- .TCATC 
TCAAC-TCATC 
. TCAAATCATC 


AT CCCCT3j'\ 
AT CCCCTTlA 
AT CCCCTTA 
ATCCCCnjA 
AT CCCCTljA 
AT CCCCTTA 
AT CCCCTll * 
AT CCTCTDA 
ATXCTCTIjA 
AT CCCCTljA 
AT CCCTIA 

atmccctia 

ATM CCCTIA 
AT A CCCTI A 


S-chole 
S-dubli 
S-enter 
S -pa rat 
S-typhi 
Leg-pne 
Ps-aeru 
Bur -cep 
Bur -pic 
Thb-fer 


.TT 

CCA CAT- T «AT - T 

: • ■ ACTCTA A. ; 

TT 

ACCA CACC- TO — T 

; CACTCTAA : ■ 1A- 

TV 

CTA-C CNA Y 

\ CACTCTAA ya- 

TT 

CTA-C 'AAA 

cactcta* a -';a; 

-TO 

CCATCA — T TTa T — T - 

CACTCTAA- v; 


T AC A A ACC 
T AC A A ACC 
T -ACAAACC 
T ACAAACC 
T ACAAACC 


AT ACM 


Myco Probe 


,AT. :A(p TCAAATCATC AT V XCCTIj-. 
•AT A(t • TCAA' .TCATC AT >XCCT1A 
AT Aff TCAA .TCCTC AT / CCCT1 A 
at a® : TCA.A rrccTC at > ccctia 

,AT A . TCAA ,TCAT C AT S CCTIYjT 

?, PCJi Pritnrr 
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1301 


1311 

1321 

1 

1331 

1341 

1351 

| 

,Stp-hae 

1 

T TIT 

C 

1 

TAC 'C C T 

1 

Cl VC' A! 

j 

•A CAA TAC A A A- 

| 

: ■ Ch ’O 'AAA 

CC C A TC 

Stp-hom 

T d’lT 

C 

T sC'CAC T 

CTACAA'J 

- •/* CA ATAC A. A A 1 ? 

4 CAt j'C f iA/\A 

CC C A * TC 

Stp-aur 

T .j-x-p 

c 

TAC- CAC T 

CTACA Tj 

. A CAATACAAA ; 

i ^CAAC'AAAA 

CO O ;A ,TC 

Stp -war 


-- 






Stp-epi 

T TTP 

c 

TC C C T 

CT'CA -vl 

• • ,A CAATaCAAA- : 

' r YA ;C -AAA 

CC C :A TC 

Stp-sap 

T / TIT 

c 

TACACAC T 

CT.AC A'j 

' A CAATACAAA 1 .< 

CA ,CTAAA 

CC O a TCC 

Eco-avi 

-COT 

C 

TACACAC t 

CTACA A*] 

•• AA. TACAAC - 

ANNC -AA*-: 

TC C AA CT 

Eco- fern 

T CCT 

C 

TmCACAC t 

CTAC' • r ] 

A A TAC A AC • 

A TT C 'AA' ' 

TC C A CT 

Eco-fae 

T CCT 

c 

TaCACAC T 

CTACA A1 

AA TACAAC A 

A TC' CTA A 

CC C A TC 

Stc-bov 

T CCT 

c 

TACACAC T 

CTACA AV 

* T T TACAAC • 

t\ TC C A* T 

C T AC C 

Stc-equ 

T ACCTTM 

c 

TACACAC T 

CTAC \ A'] 

' ' T T ' TACAAC 

A TC C A T 

C T AC C 

B-coagu 

T CCT 

c 

TACACAC T 

CTACAA'J 

? A T • TACAAA , 

. CT C A A 

CC C A TT 

Upl-ure 

T'TCTA 

C 

T CAA AC T 

CTACAA'J 

• c TAATACAAAC 

T CT CAAAA 

TC TAA AT 

M-pneum 

T TOT- 

c 

T C AAC T 

CTAC A VI 

* C CAATACAAAC 

A -TC CCA .C 

TT TAA A AT 

M- f erme 

C T 

c 

AACACAC T 

CTAC/*-vJ 

v C C TACAAA . 

A'. AA. C 'AA ; < 

T T ACAT i 

M homin 

C A T 

c 

C'C'CAC T 

CTACA A'J 

’ T C TACAAA : 

A* A/V .CAATA 

T C ACAT 

Mic -lut 

T TCTT 

c 

TICAC CmT 

CTAC A A'J 

1 . 1 C 0 TAC A AT : 

• V TT. O ATA 

CT T A : T 

V parah 

C A TA 

c 

TACACAC T 

CTaCA A1 

' . C CATACA A - 

; CA CCAAC 

AA C: AAA T 

V-vulni 

C A T/‘ 

c 

TACACAC T 

cr c A r 

‘ C CATACA i'v : 

V C CCAAC 

TT Cv AAA T 

V-chole 

C TA 

c 

TACACAC T 

CT 'C\‘\ f 

1 AC ■ TATaCA A' - 

:• -CA' C /ATA 

CC C A - T : 

E-coli 

C ACC A 

c 

TACACAC T 

CTAC A A': 

VC CATACA A A. 1 

ACAA'.C 'ACC 

TC C A ;a C 


1361 


1371 


1381 


1391 


1400 


tccpca ttc 
m:rcA tpc 


at 

A A 
A A 
AT 
A A' 
AA 
NA 
A A' 
■/V 

I -A 

»7\ 

-A 

• -A. 
i : A 

AA 


CAAATCC 
CAAATCC 
:CTA ATCT 

ctaatct 

caaatct 

CAA ATCT 
CAAATCT 
CCAATCC 

c ;aaaca 

CAA ATCT 
CAAACCT 
'CAA ATCT 
CTAATCC 
C A ATCC 
CAAATCC 
C. -A ATCT 
;C A CCT 


cataaa /rr 
CATAAA TP 

cttaaa ctt 
CTCA.aA ctt 

cttaaa err 

CTTAAA CCA 
CTTAAA CCA 
CA AAA A ACC A 

- 1AAAAA TTA 

- T-AAA TT 
CAA AAA ACC- 
CAA A AAi CC 
CA AAA A CC i 
CAA AAA T C 
CAA AAA- T C 
CACAAA TAC 
CATAAA T C 


tto; 


PC A 


erd: 

erd 


TCCPCA 

CTC1CA 


|rcA- 

rcA 


atcpca 
atcpca 
TPC CCA 
TCTCA 
TCTCA 


’ret: 


PC A 


ATCPCA 

TOPCA 


TC 

TC 

TC 

TC 


S-chole 

S-dubli 

S-enter 

S-parat 

S-typhi 


Leg -pne 

C 

T 1 

C 

T.vCACaC 

T 

CTAC/ 

Ps -aeru 

C 

CN ' 

c 

TACACAC 

T 

CTAC' 

Bur -cep 

T 

Tv 

c 

TPC AC AC 

TC 

ATAC' 

Bur-pic 

T 

T 

c 

TICAC AC 

TC 

ATAC 

Thb-fer 


-C 

c 

TCC'C 

T 

CT.'C 


. C C ATAC A. 
T C TACAAA 
T C A-\C A 
■ T C A TAC A A 

C C TAC a A • 


c ^ C AA • C . ACCT 
TT C CC C A T 
TT .CCA AC CC C A*. ' * • 
ATT CCA A 1 COCA T 
TC -CCAAC CC C A 


AV CAAATCC TCAAAAvTC ,TC 

’A CTAATCC CATAAA ACC ATC 
'A CTAATCC CA AAA ACC ATC 
A CTAATCC CA AAAAT C ATC 
'. CTAATCT CA /vAA CC TC 


TA 

TA 

TA 

TA 


TIC 

TIC 

TIC 

TPC 

'TPC 

TIC 

TIC 

TIC 

TIC 

TPC 

TTC 

TPC 

TPC 

TCC 

TCC 

‘PCC 

ICC 


ATT TA 

T 

- AIT TA 

T 

ATT TA 

T 

ATr TA 

T 

ATT TA 

T 

ATr Tv 


ATT CA 


A'lT CA 


:■ ATT T t\ 


AIT TA 


ATT Ca 


ATA A 


. ATT A 


ATT T A 

T 

: -ATT A 

T 

: ATT 

T 

- -ATr A 

T 

ATT A 

T 

ATC A 

T 


ATT A T 


TA TCC i ATT • A T 

TA TCC ATC CA T 

TA TCC ATT CACT 

TA TCC ATC TA T 

TA TCC ATT A T 
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1401 


1411 1421 1431 


1441 


1451 1461 1471 


1481 


1491 1500 




Stp-hae 

CT 

CA'vCTC- 

ACTAC at -A A 

CT 

AATC ■ 

CTYv TAATC 

TA ATCA< C- 

AT CTAC T 

A. AT AC 

TIC 

CC 

TCTT 

TACACACC- C 

CC TO 

C/\CC 

Stp-hom 

CT 

CA.TCTC 

aCTACAT a a 

CT 

AATC 

CTA TAATC 1 

TA< iATCAi C- 

AT CTAC T 

A AT AC 

TTC 

CC 

TCTT 

TACACACC C 

CC TC/ 

CA CC 

Stp-aur 

Stp-war 

CT 

C-'ACTC 

ACTAC AT A A 

CT 

AATC 

CTA TAATC 

TA< :ATCA( C- 

AT CTAC T 

AATAC 

TTC 

CC 

■TATT 

TACACACC' C 

CC TC/ 

CACC 

CT 

C' ACTC 

ACTATAT A a 

CT 

AATC 

CTA TAATC 

TA ATC/Y C- 

AT CTAC T 

AATAC 

TTC 

CC 

TCTT 

TACACACC C 

CC TC/ 

CACC 

Stp-epi 

Stp-sap 

CT 

C \'\CTC 

ACTACAT -A A 

CT 

AATC 

CTA TAATC 

T/v -ATCA- C- 

AT CTAC T 

■ -AATAC 

TTC 

CC 

TCTT 

TACACACC C 

CC TC/ 

CmCC 

Eco-avi. 

ct 

CA \CTC 

CCTACAT a a 

cc 

AATC 

CTA TAATC 

C -ATCA C- 

AC CC C T 

■AATAC 

TTC 

— 




— 

Eco-fcm 

CT 

CAACTC 

CCT CAT A A 

CC 

AATC 

CTA TAATC • 

C ATCA C- 

AC CC C T 

■AATAC 

— 

— 





Eco-fae 

CT 

CAACTC 

CCT CAT -A/', 

cc 

AATC 

CTA TA ATC 

C > ATCA- C- 

AC CT C T 

iAATAC 

TIC 

CC 

CCTT 

TACACACC C 

CC TC- 

CACC 

Stc-bov 

CT 

C“'CTC 

CCTACAT A A 

TC 

AATC 

CTA TA ATC 

C ATCA C- 

AC CC C T 

■AATAC 

TIC 

cc 

CCTT 

TACACACC C 

CC TC - 

CACC 

Stc-equ 

CT 

CAACTC 

CCTOCAT AA 

TC 

■AATC 

CTA TAATC- 

C ATCA C- 

AC CC C T 

: AATAC 

TIC 

cc 

CCTT 

TACACACC C 

CC TC. 

CACC 

B-coagu 

CT 

CAACCC 

CCT CAT A A 

CC 

AATC 

CTA TAATC 

C ATCA C- 

AT CC C T 

NAATAC 

TIC 

cc 

CNTT 

TACACACC C 

CC TCA 

JCACC 

Upl-ure 

CT 

CA A TIC 

TCCTCTT AA 

TT 

AATC A 

CTA TAATC 

C s A ATCA 1 ’AC 

AT TC C T 

• : AATAC 

TIC 

TC 

, tctp 

TACACACC C 

CC TC/ 

A ACT 

M-pneum 

CT 

CAATTC 

TCCTCAT A A 

TC 

AATC A 

CTA TAATC 

C AATCA f CT 

AT TC C T 

AATAC 

TIC 

TC 

TCTT 

TACACACC C 

CC TC/ 

A ACT 

M-Eeone 

cr 

C A ACTC 

aCTACAT AA 

TC 

AATC ^ 

CTA TAATC 

Tm ATCNC T 

AC CTAC * T 

■AATAC 

TIC 

TC 

■’ TCTT 

TACACACC C 

CC TC/ 

A ACC 

M-homin 

CT 

CA'VTCC 

ACTCCAT A A 

TC 

AATC 

CTA TAATC 

CA ATCA CT 

AT CT C T 

■ ; AATAC 

TTC 

TC 

TCTT 

TACACACC C 

CC TC/ 

CACC 

Mic-lut 

CT 

C A ACTC 

ACCCCAT A A 

TC 

A TC 

CTA TAATC 

CA- -ATCA CA 

AC' CT C T 

•AATAC 

TIC 

cc 

CCTT 

TACACACC C 

CC TC/ 

A TC 

V-parah 

CT 

CAaCTC 

aCTCCAT A A 

TC 

AATC 

CTA. TAATC 

T ATCA A- 

AT CCAC T 

AATAC 

TTC 

cc . 

CCTT 

TACACACC C 

CC TC/ 

CACC 

V vulni 

CT 

OVaCTC 

ACTCCAT aA 

TC 

AATC ■ 

CTA' TAATC 

T - -ATCA ;A- 

AT CCAC T 

• AATAC 

TTC 

CC 

- CCTT 

TACACACC' C 

CC TC- 

CACC 

V-chole 

CT 

CAaCTC 

ACTCCAT A A 

TC 

■AATC’ 

CTA TAATC 

CAAATCA A- 

AT TT C T 

•AATAC 

TTC 

cc 

r. . ccrr 

TACACACC C 

CC TC/ 

CACC 

E-coli 

S-chole 

CT 

CAACTC 

ACTCCAT aA 

TC 

AATC 

CTA TAATC 

T ■ ATCA 1 -A- 

AT CCAC T 

•AATAC 

TTC 

cc 

CCTT 

TACACACC C 

CC TC/ 

CACC 
















S-dubli 

















o Gntex 

S-parat 































S-typhi 

CT 

CaaCTC 

aCTCCAT A A 

TC 

AATC 

CTA TAATC 

C .A ATCA ,C- 

AT TC C T 

•AATAC 

TTC 

CC 

CCTT 

TACACACC C 

CC TC/ 

CACC 

Leg-pne 

Ps-aeru 

CT 

CAACTC 

ACT C T A A 

TC 

AATC 

CTA TAATC 

T A ATCA- A- 

AT TCAC T 

■ AATAC 

TTC 

cc 

CCTT 

TACACACC C 

CC TC/ 

CACC 

Bur - cep 
Bur -pic 

CT 

CT 

CAACTC 

CAACTC 

' T C AT A A 

ACTAC T A A 

CT 

CT 

AATC 

AATC 

CTA TAATC 
CTA TAATC 

C ATCA C- 
C ATCA C- 

AT CC C T 
AT CC C T 

•AATAC 

TTC 

cc 

TCTT 

TACACACN C 

CC TC/ 

CACC 

AATAC 

TTC 






Thb-f er 

CT 

CAACTC 


TC 

AATC 

CTA TAATC 

C A ATCA C- 

AT TC C ■ T 

’ A.- I ■ A / \ 







« 














V9 
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Stp-hae 
Stp-hom 
Stp-aur 
Stp-war 
Stp-epi 
Stp-sap 
Eco-avi 
Eco-fcm 
Eco-fae 
Stc-bov 
Stc-equ 
13 coagu 
Upl-ure 
M-pneum 
M-f erme 
M-homin 
Mic-lut 
V-parah 
V-vulni 
V-chole 
E-coli 
S-chole 
S-dubli 
S-enter 
S-parat 
S-typhi 
Leg-pne 
Ps-aeru 
Bur- cep 
Bur-pic 
Thb-fer 


( 


1501 


1511 1521 


1531 1541 


1551 1561 


1571 1581 


1591 1600 


±_ J l I L 


AC X A TXT TAACACCC A/v CC v T A* T A ACC — A TIT — iv-.iA'XC TA‘ CC TC <A A T v. .ACA A AT ATT >■ T ; 

AC. A TIT TAACACCC M* 'CC- T i A* TA ACC — A TTT — TAtiCC'TC A A: ‘AT >v;ACA A AT A ATT ■ >T 

AC A A TIT TAACACCC ! A A* CC X TX •> A TA ACC- -T TTTA-ttlA<C TA> CC -TC A A : ’«■' Tv y ,V\CA AAT XATT - ;T 

XA TC T A ACA A. TA ' 
XA TC T A ACA A TA 
A A r DC T A ACA A 1 TA 

AC A A TTT TAACACCC A A CC ' TV* • A ATAACC — A TIT — -^A.C TA- CC TC A A< •• Ty'Vl-ACA AAT iATTX 3 T- 

AC A A TIT 1 TAACACCC A A CC / T v ; AiJTAACCA-T TTA-T 77V C TA' CC TC A A T > ; ACA A AT ATT- ?..a ,T 

A A- ;TC T a ACA a TA 



i 

ap fpT’A ' ta lifurTr 1 aa ty\ r P a r tviapp -T r m»T' / *a :r* p:u pr* pp'Ta a< -j :nrr /: '.a nr 1 a :a*tv . 








AT A CT TAATATCTA AAAC- CAAA CTAACC — T TTT — x ‘A r V< CAT C TCTA r 3 ‘ TA 1 3 >ATC 1 i TAACT* •' »A TT 

A A- TC 1 T A AC A A - TAT 

AT - . A CT . TAAT CCC AA TO XT-T T AT NAAC AAATC CCTA A^A'CA' 3 ;ACT OXT.iACTVXX ; i-- 

fim a ,r PA ATAPPPA A A TY~* <l>M»n , prTAAPP M MNP , ’A. ; P YiPPi PPTVk A- I'lT'A, : APT 1 f / T* TiPMM ' < 


/\i Cl ’IM/VI/vLLLa iirv 1L 1 111 1 L IN INLNL ’■ A T L /v/. d/v vltl ' K /^UVIV -x 1 

AC' .AAA TC • TAACACCC AA CO - T. X- CCTAACC— C TTl — O Xr X; Ai’ CC TC ; A A v TO iACC A'3C' .ATT r. 3 ; ACT 

, ■ \- m , , 'P*T> A A A > ' hh> r P7i: •PAT r T r P r P/vAP T ; 'P. ' — r "i 7 i j *t Ap: P r r r PAp — A PPTTt ;*!>' . r P _ 1 

A A ■ — T A ACA A 

MX M 1 1 V^l /v\ lty r f AJ\'r 1 1 ±/u\\- X k r * .1 ML Lll/iL r\ L 1 1 X ' I' A ' X j 

Am ; v *m TT TAAAA AA/ T 1 / i T 1 /!! *; r T r P r PAAP rp HIP j :A V ' ftp / PqiHftp A P — 


Z 1 1 ' ’M X' r . *LI ; /v M X . ■ : { X/V. * 1 i 1M/^L X XL vV .a ’ ML L XV^L M L 

,\qv a* m / / PT rAAAiV- JwV -PA- V :TiV ; r T T T r P7»,AMP T TT AP PPT _ _ _ _ _ 


/M M, ^ 1 -’Ll LM.MMM : L**'- ' AM 1 X I/uUnL X lw < ML LX 1 

AT AT— TT CAAA A-’ AA TA TA-.4 CTTAACC — T TC A — nCA r ^ C CTTACCA CTIT T ATT CAT XACT : ; <-T j 

AA JTC T A ACA A' TAA 

i 








AT > . ^,T > ; TT CACCA J AA TA ATA. : TCTAi\CC — T TO .4— AC TTTACCA C XT T VTT CAT -NCNN 3- : : 

AT A T ; 1 TT CTCCA' A A' TA* : CTA * TCTA ACC— - CAA— •? ? AC vTTAOCA C>-:A T ATT CAT 

AT) ; ’ 'A T— 1 r TTITACCA - AA t --T f TPTA APC^ — A £AA — .ANN TC/iCWA N V«TA< - ATT NAN 

-T A ACA A' 

-T A ACA A' : 

/*-L' ■< » 1 * r - A * Ji -L ' J • i Vi J. A. X * v . 3vV il Vrf/ >fl V 'l I i Uttf ^ ^ > !»• A/ i < M 1 Ui .. ■ 

AA TC T A ACA A TA 

_ _ _ _ . _ j 
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1601 

i 

1611 

1 


1621 

i 

1638 

1 

Stp-hae 

i 

CC 

T TO 

1 

A A T C 

CT 

1 

■ATCACCTC 

1 

CTTTCT- - 

Stp-hom 

CC 

'iVTC 

A A T C 

CT 

ATCACCTC 

CTTTCT- 

Stp-aur 

CC 

TATC- 

a a T C 

CT 

-ATCACCTC 

CTITCT— 


Stp Wd r 

Stp-epi 

Stp- sap CC T TC \ .■* T C CT ATCACCTC CTITCT— 
Eco-avi 


Eco-f cm 
Eco-fae 
Stc-bov 
Stc-equ 
B-coagu 
Upl-ure 
M-pneum 
M-f erme 
M-homin 
Mic-lut 
V- pa rah 
V-vulni 
V-chole 
E-coli 
S-chole 
S-dubli 


— TATC n A 'ATCACCTC CTTTCT — 

.ATCACCTC CTTTCT— 


CCCT' C a A aC T AT *TCACCTC CTTTCTTC 


- TACC ■-* * A'lO.CCTC CTTTCN— 


CC T/ ACCT C IT \TCaCCTC CTTA 


S enter 

S pa rat 

S-typhi 

Leg-pne ATC-CCTC CTTC 

Ps aem a ACCT 

Bur -cep 


Bur-pic CC T TC 1 a T CN CT ATCACCTC 
Thb-fer 
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Figure 7.2. Alignment of eukaryotic ssu rRNA sequences. 

Alignments of the ssu rRNA sequences of the eukaryotic microorganisms listed in 
table 7.1 are shown. Gaps in an alignment position are indicated by dashes. Numbering 
across the top of the alignment include gapped positions. 

The variable regions of the ssu rRNAs are shaded in gray, and labeled in red. These 
correspond to the variable regions discussed in Neefs, et al., 1991. 

The position of the upper and lower PCR primers are shaded in light blue. The 
position of the TaqMan probes listed in table 7.2 are also indicated. The numbering has 
been altered due to the inclusion of gaps in the numbering of the alignments. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, et 
al., 1994). Some of these sequences were taken from release 4.1 of the RDP, October, 
1994. 
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11 


21 


31 


41 


51 


61 


-hist TATC T IT ATCC T CCA -TATP -ATAT CT A T TTAAA\ AT TAA CCAT C AT 

Crp-parv A T CATAT CTT ; TCTCAAAGAT TAA CCAT C AT 

Asp-fumi A ACC T TT ATCC T CCA TA T CATAT CTT i TCTCAAAAAT TAA CCAT C AT 

Cnd-albc TATC T TT ATCC T CCA TA T CATAT CTT - TCTCAAA< AT TAA CCAT C AT 

Gir-lairb CA1C C TC ATCC T CC A C- C AC CTCT CCCCAA < AC ; AA CCAT C AT 

Human TACC T TT ATCC T CCA TA - CATAT CTP . TCTCAAA -AT TAA CCAT C AT 

E-coli -/wVsTT.-AA A ITT ATCA T CTCA AT T AAC CT C CAagC-C TAACACAT- C A A- 


71 

J 


81 


91 


100 


T TAA T AT- AAA -AC- CAA < -TA V ■ — AT j 

TCTAA« ; T AT-AA.CT-- TIT A -TAG, — C \ 

TCTAA' T AT- A CAA- TIT A -TAC - — *T 

TCTAA AT AT-AA' CAA- TIT A-TACA — T 

CCC- CT CA-CCC : 

TCTAA: T AC-GgAC;y- — -----CC’ '-TACA— T ' 
TC AAC TAACA A A ‘A A* CTT CT TCTTT CT A 


VI 


Ent-hist 

Crp-parv 

Asp-fumi 

Cnd-albc 

Gir-lamb 

Human 

E-coli 


Ent-hist 
Crp parv 
Asp-fumi 
Cnd-albc 
Gir-lamb 
Human 
E-coli 


101 

l 

A A ACT | 
A A ACT 
- -A A ACT | 
■ A A ACT, 
-AC C *j 
AjAAACT 
C A T 

201 

I 


111 

I 

C AC 
C A AT 
C A AT 
C A AT 
C AC 
C A AT 
C AC 


121 


131 


141 


CTCAlT ATA AC A *TAA TA TTTCTTT 
CTCATT AAAACA TTA TA TTTACTT 
CTCATT A A ATCA' TTA f PC TTTATTT 
CTCATT A A ATCA TTA TC TTTATTT 
CTCA - AC A AC TT > CACCCCCC C 
CTCATr A A ATCA TTA T TTCCTTT 
T -A- T A AT TCT - A A ACT CCT 


211 


221 


231 




TT-A TAA 
ATA- -ATCA 
ATA — TAC 
ATA — TAC 
C -- TCC 
TC-- CTC 
AT 


151 161 

L J 

T-ACAA 


171 


181 


241 


191 


200 

J. 


AT A CT1T T A AT ATA A A ;A TA ATA CTT A 

AAAC T-ACAT VAT A ACC T V TA ATTCTA AAC TAA TAC AT. : C 

C TTAC T-ACAT - AT ACCT T - TA ATTCTA; V A' C TAATACAT C 

C TTAC T-ACTTVVAT A ACC' TA-TA ATTCTA; A< € TAATACAT, C 

CT G CTA CO .AC ACC CT :\'Ch AC-CO > C C CAAGACvTGC 

CrCCTCTCC C-ACTT - AT A ACT T -TA^ ATT CTA A C TAATACAT C 
" 1 “-~ V AT AACTACT • A AA-C 


V2 


TA C TAATACC CA 


251 


261 


271 

J_ 


281 


291 

1 „ 


300 


— AC ATCC A' TIT TATT A T ACAAAAT C CAATTCATTC AA-T ‘A ATT'* A-AA 

• — AAAAAAC CCAACTTT C f AA TT <T ATTTATT/V - ATAAA' -AACC AATVA: CTT- 

T — AAA A ACC TC ACTTC G VAA'AG-T T ATTTATTAG- ATAAAAAACC AATXCCTTC 

T — TAA A ATC CC ACT ITT G GAAGG VTGT ATTEATTAG- ATA A AA A ATC A AT -CCTPC 

: c CA /v ■ CV' i C CCC C - - CGA- 

c .AC- ^ :• C cr^-cncc : v AT: C T C AT ITATCAv- ATCA7 u\-A0C AACCC • -TC A . CCCCTCTC C K CCC j 

T/V~C - - - - — -* --- -TC . CAAGACCAAA 


V2 


Ent-hist 

Crp-parv 

Asp-fumi 

Cnd-albc 

Gir-lamb 

Human 

E-coli 


301 311 321 

I .1 I 

A AT. AC aTTCTA A T 


331 


341 


351 


361 


371 


381 


391 


C CC 


C - C CC 


A TTA V AT- -CCAC AO\ATT-Tm AACACA CA T TT TAACA A'- TAa" 

T ATTCATA ATAACTTT — AC A -ATC CA TCTC T AT C ACATA 

C — TCC-TT :T;AATCATA ATAACTTA — AC A ATC CA T • CCTT C C C -OATV.T 

C — TCT-TT AT ATTCATA ATAACTTT — TC AATC CA T CCTT TC T O AT AT 

CA C --T ’AC Cm C -AC C 

-c cm T / \CTCT< * ATAACCTC CC ATC- CA — -C CCCCC CTA C C AC AC 


400 


.CCTT- 


CCTCTT CCA 


CCA AT -A -A A 

TCATTC-CA 

TCATTC-AA.A 
TCATTC-AA/. 
CC CCC- • 
CCATTC- A a 
TC AT- T 


V2 
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401 


411 


421 


431 


441 


451 


461 


471 


481 


491 


500 


Ent-hist lUT-CT ATC TaTCaATC-- A TT TA T 

Crp-parv TTT-CT ACC TATCA CHT A TA ■ 

Asp-fumi TTT-CT CCC TATCA ACTTT C AT TA 
Cnd-albc TTT-CT CCC TATCA A.CTIT C AT TA 

Gir- Iamb CTT-CC CATCACCC— TC C C 

Human C T-CT CCC TA'IC A ACTTT C AT TA .T 

E-coli CCCA AT- ATTA CTA- - TA T 


ACT ACC A A iATTA TAAC 
CCT ACC' ;T : CTA T ’AC 
CCT ACCATUT Y CAAC > 
CCT aCCAT I TTT CAAC 

c c cc. ;a ; / cc c ac 


ATC A- 

T.ATT 
ATA T 
ata T 

TC C 

C CC T CCT ACCAT > T ;a CCA c 


ATA A 
TAA 

taa 
- taa 

CCT 

* T A 


A A ATT 
.■ A ATTA 
v 'AATTA 
A ATA A 
■.A AATCA 
A ATC A 


h TPC ACA 1C 
TIC ATT CC 
TIC ATT CC' 
TIC ATT CC 
TTC ACT CC 
TIC ATT CC 


•A* A . - 
■■A- -A - ' 
■A 'A- ■ ■" 
: A A • • 
■A A C 
•A I\ , ;■ 


TAAC CTC ACCTA' * C A C ATCCCT-A CT TCP A A ■ AT ACC A CCACACT 


A CTTTACA 

A CCT A A A 
A CCT A AA 
A> CCT •A, AA 
CCT C A 
A CCT A AA 
A ACT A AC 


511 


521 


Ent-hist 
Crp-parv 
Asp-fumi 
Cnd-albc 
Gir lamb 
Human 
E-coli 


Ent-hist 
Crp-parv 
Asp-fumi 
Cnd -albc 
Gir- lamb 
Human 


501 

i I... I 

AT CTACCA CTTCTAA v 'A AG'CA CA' 
AC CTACC A CATCTAA' > A A'ACA CA- 
AC CTACCA CaTCCAA . V ;A Af VCA ca< 
AC CTACC A CATCCAA/Y 'A A0‘ CA CA 
AC CCC QA. CATOCAAG^iA CO jCA CA£ 
AC CTACCA CATCCAA' ■ A A CA CA 
AC r ICC A A CTCCTAC A CA CA T 

l) pen Primer 


531 


541 


551 


561 


571 


581 


591 


600 


601 


611 


621 


C C TAA ATT /CCCACTTIC - A AIT 
C C CAAATT ACCCAATCCT - ACAC-A A 
C C CAAATT ACCCAATCCC - ACA.C- 
C C CAAATT ACCCAATCCC - ATTC/Y 
C C AACTT CCCAAT C C C — C C 
C C CAAATT ACCCACTCCC - ACCC- . 
' - mATATT CACAAT C CAA -CCT 


631 


641 


651 


AA A TA IT A C AC AC ATA A CTCT- 


TA T A CAA. AAATAA 
TA T A CAATAAA’ 

TA T A CAATAAA’ 

CA C A C 


■ 7v ■ 

:A< ■' 

■ .A ;• 

■ A- V 

A >• TA T A C 

AT CA CC A T 



•ac t;at-“ACu ; 

•a a c;;at — ACAG occj 
A <t — CGC — GA‘ C- ’A f ; 

AAAAATAA CA A T- - ACA a ACTC-TTTCj 
CC C T- TAT !AA AA- - CCTTC 

Crp Probe 



V3 


661 


671 


681 


691 


700 



•;a- ■ 


-C 7 Y C 
CC CT iTAATT J AATCA- 


i TA : AC'jT AAATTC 

. T iAA <. TA TAA ACCC 

■TACA ATCTAAATCC 
t TACA ATTAAATAC 
C 

TCCA CTTTA A ATCC 


TCC T-A -C 7\- AATCA 

CT T-T AC A- TATCA 

CT T-A AC A* -■ A ACA 

CT T-A AC •A'Y;aaCA 

CACA CC CCC ;cc G • 

IT T-A AC ;A< v ATCC 


V3 


E-coli 

TT TAA- 



A TAC 

TTTCA C 


• :A • 

:aa. ’ 

TAA A TTAA TACCTTT CT 

CATT 


AC TTAC 

CC. CA' A A' ;A 



Fungi Probe 












701 

i 


711 

i 


721 

1 


731 

1 


741 751 

761 

1 

771 

1 

781 

1 


791 81 

1 1 

Ent-hist 

1 

ATT ; 

c 

1 

A A -TCT 

T 

1 

CC/\ CA 

cc 

1 

c 

T-vTre 

1 1 

CA CTCCAAT / T .T/\TATT 

1 

AAA -TT CT 

1 

T ATTaAA.A 

1 

C CTC TA 

T 

I 

T 

.1. 

A ATTA A A- 

Crp-parv 

ATT A 

c 

AA - f fCT 

T 

CCA CA 

cc 

c 

T-ATPC 

CA CTCCAAT C TATATn 

AAA -TT 1 TT 

CA TTAAAA 

A CTC TA 

T 

T’ 

v'ATTICT- 

Asp-fumi 

TT a 

c 

A A -TCT 

T 

CCA CA 

cc 

c 

T. TTC 

CA CTCCAAT A C TATATT 

AAA -TT TT 

CA TTAAAA 

A CPC TA 

T 

T 

AACCTT - 

Cnd-albc 

m TT A 

C 

mA -TCT 

T 

CCA C/s 

cc 

c 

■TA A TTC 

CA CTCCAAA A C TAT, TT 

/■A A -TT TT 

CA TT/sAAA 

f\ CTC TA 

T 

T 

AACTTT - 

Gir-lamb 

A CC - 

c 

A/v TCT 

T 

CC A CA 

cc 

c 

TV'TTC 

CA CTC C A C TC C- 

C C CT CT 1 

CA TT AAA 

C CCC TA 

T 

T 

CCCCCC 

Human 

TT 

c 

A A -TCT 

T 

•CCA CA 

cc 

c 

t ■ //rrc 

CA CTCCAAT A C- TATATT 

AmA -TT CT 

CA TTAA A 

A CIC TA 

T 

T | 

; GyrcTT;- 

E-coli 

c CC- 

c 

T’AA-CTCC 

T 

CC A C A 

cc 

c 

T AT C 

. A. " T C A .A C TT TC 

•A-TTACT 

C TAA A 

C CAC CA 


C 

TTT 1 TT- 


V4 
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801 1 
I 

Ent-hist 

1 

- AT T- AT- r 

Crp -parv 

-- TT- TAT 

Asp-fumi 

-- T-CT - ■ 

Cnd-albc 

— C-TT - 

Gir-lamb 

e 

Human 

-- . :A- C. - 

E-coli 

-AM TCA AT 


901 

1 

Ent-hist 

1 

A A TTTCTA • 

Crp-parv 

TAA TATAT 

Asp-fumi 

CCTTCT i 

Cnd-albc 

Gir-lamb 

CCTTCT ;-T 

Human 

E-coli 

CCTCTC ! C- 


1001 

j 

Ent-hist 

AC-ATTAT t 

Crp-parv 

c AACT 

Asp-fumi 

C CTTT ■ 

Cnd-albc 

Gir-lamb 

Human 

C CTTT 1 . 

« C 

« CCC A CC 

E-coli 



TT-TA-TACA 

AA 

i C-T CO • 
;C-T. CC * 

T AAATCCC 


A A AT. TTAAA 
ATAATATAAT 
-A ACT — T — 
-A- CC-AT — 


-TIT 


-TCC 

-TCC 

- TCC- —— _ 

C CTCAAC 


T ;AA AC ---TTTAT - TAA- TA 

CCT » -TAATATTAC 

C t A<. TACT TCC CT — ACCTTT 


-- - CCT- -C ACC C tA< TACT TCC CT — ACCiit- 
A TCTTTTTC -A T C 'TACT- < - ACC A CC *A- CCTTT- 


_ __ . AlizCOjCCjC _CC TCCOCrr^^CCT^ J 

CTi-'AACT CATCTiATAC T 'CAA CT- 

on 971 981 991 1000 


OTAAAATCAA 
CAACATCCTT 
-CAT A' CC-T 


CCCCCTC- -• AT CTC-T 


' TvTaA^^AAA^ .TAA-TT A 

CCTATTATAT TTCTAAA TATATA* •— 

TCACT-CACT AT — * Ai- - V'A-ACC- 

TT — AT- -CAA- ACC - 

CCCAC 

TA '«CT- A -T — gT-COCG O ^..-000- 


: TTT TO/TT/V CTITAA/^XA AAT?^ ■ T T TTAAA 1CAA A 
aaacttta cttt a ;aaa atta "-tv t c ttaaa c-A 1 

AA/ ACTTTTA CT T.IAAAAA ATTAv-A^ TT TCAAA C-A 

A ( :+ - actitta cttt ; a a a a a atta; -a t-t tc a a a* C- n. 
-AO: ;aaag V • • ;a C erCCA OVC-CCC TO AC-CC 
aa c ttpa cttt; a aaa a atta< ■ A i T T TC/^V;C- 


ATA CATTA -CAT:> 


-c c T. . ;a-cc c ca 


031 1041 1051 lUbl 

I L 1 

: ; AC A AT CT C--A- Vr-OCATC- TCAAT AA 

aataataac caaggac-tt -to t-ctot cttatt 
;aataataoa atao ao t ; -ox ttctat tit; to 

-A ATA ATA IA ATAC X .AO ; TT AT 1 TOCTAT T -T TT 

c.:-^ cg~ — cg'tc : 

A ATA AT ; -A ATA .* iAC-O J -C TOCT AT TIT TO 


Ent-hist 

Crp-parv 

Asp-fumi 

Cnd-albc 

Gir-lamb 

Human 

E-coli 


\TTCA A Am A TAaC : - 

\TVC TATTT AACA CC~ 
TC a TATTC v CT TC 
mTCA -TATTC A AT TC 
■ CC TACC CC 
-TTC T ATT C CC CT- 
T TTC C T T- 


T A A A AT CCAT ATC C TATA A AT C AC A A 

T A A ATT CTT’A ATET TTAAA AC A ACTACT 

T aaaTT CIT ATTT CT A A ACTA ACTACT 


/\ > \TT 

CTO 

ATTT' 

CT A A 

ACT/. 

ACTACT 

O A A A 

B9B 

MH 

mm 

mm 

■H 

|cc CC 

C C A 

-’TO 

CIT a 

MCC 

C CAA 

c 

ACCA M 

C-M Am 

T 

C TA 

:A ‘ATC 

T 'A 

< TA 

CC T 

C : - A'* 


1071 1081 1091 1100 

ATO -CTA-A ‘.AC A A AA' TAAT- > T TAATAO 1 AC 
,'OT TCTA< A 'ACC ; COTTA AT AT TAATA* - ’■* -AT - 
ATO TCTAOCACCA TC TAATAAT TAATAt G AC ' 

c CC C CA- CCC C'AG^ A- C 

< TT TTO ;■ AACT AACCAT-AT TAACA_ • I AC 

_ ~ ^ tct 

Ent Probe 

1171 1181 1191 1200 

I I I I 

C A AA C/ATITCA CTCAACT T TCCATPAaTC 
Cm Am CATTT C CAA > AT TT TIC ATTA ATC 
C A AA CATTC C CAA AT TT TTC ATT A ATC 
C /* AA CATTTAC CAA AC TT TTCATOA ATC 


CCCC CT AC AA ■ ACT -AO CTC 

(pi. Pm Primer 
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Lilt-hist 
Crp-parv 
Asp- fund 
Cnd-albc 
Gir-lamb 
Human 
E-coli 


Ent-hist 
Crp-parv 
Asp- fumi 
Cnd-albc 


\ A- ‘A AC A A A OTA V« - -A TC A A AC a TCA 'ATACC. TC -TA' TCCT 

\/\- iAAC'AA A .ITA-V-'/ ;A TC' A A AC A TCA ATACC - TC TA> 4TCTT 

\ AAC' .AA A wTTA V A TC A A \C A TCA ATACC • TC TA TCTT 

sA- ;aAC-AA AATTA'AaV;A TC AA AT A TCA ATACC • TO TA TCTT 


AA^^AA ji^C C TA AA TC A TCA ACACCA CO TATTCCC 

7, A_ A AC AA A TC A T TC AA AC A TCA ATACC TO TA< TTCC 

C A A A C T A C AAACA A TTA ATACCC T * ’TA : TCCA 

I. VCR Priwer 

1311 1321 1331 1341 

_J L I — 1 

A A A C ATT TITCTA •' iATCT A TA TATCAATATT ACCTT TTCA 

TT ACTCC-TTCA 

TA ACCO -ere 

TA AC CA-ATC - 


AACTATAAAC 
AACCATAAAC 
AACCATAAAC 
AACCATAAAC 
CO TAAAC 
■ iACCATAAAC 
C CC TAAAC 


1261 1271 1281 1291 13 

I I I I... L 

AT TCA ACC A/ • -ATT A >A T GAAATICA. - AT. TACAAA : 

TAT CC ACT A A' -ATT A TT TTCC- 

TAT CC ACT A - ATC C - T 1TTCT AT A 

TAT CC A CT A * - ATC T T TT TTCTT TTAT 

T CC CCC C C • CC c c o c 

AT CC ACC C jAT C - C ^C TCATT jCCCA-- - - -- 
AT TC ACT T , A' - TT T CC-CT T A 


A AAATCTT- 
A AAATCA — 
A AAATCA — 


A TTTa-T 
A A TCTP-T- 
A A TTTT-T 


A- AAATCA-- A A- TCTP-T 


ACTTCA 

TTCTA 

ttct ■ 

TTCT 


A TAT T 
;A- TAT T 
A TAT T 
:A- TAT T 


Gir-lamb 








-TCCC- CC 

CC CC-CA 

: A A ACC - 

A CTCC 

CTCT 

A- TAT C 

Human 







T ; 

accc 

»-cc * ; 

CA CTITCC 

■ ;AAACCA — 

AA 'TCTT-T 

TTCC 

A TAT T 

E-coli 


— - 





C T 

-CTT- 

CC- A 

CTAAC C -- 

TTA A — TC- 

ACC COP 

•• A TAC C 


1401 


1411 


1421 

1431 

i 

1441 

1 


1451 

| 

1461 

1 

1471 

I 

1481 

1 

1491 1500 

I 1 

Ent-hist 

1 

CaCAa 

or 

1 

AAACTTAAA ■ 

1 

■ -A ATT AC 

1 

AA ! r 1 CA-Cm 

1 

CCA i 

•A T - 

1 

A CCT C C 

1 

TTAATTT AC 

1 

TCAACAC 

1 

aaaacttacc 

i i 

A A • A 

Crp-parv 

C CAA 

CT 

AAACTTAAA 

'A ATT AC 

A A C/'TCCA 

CCA ; 

A T :• 

A CCT C C 

TTAATTT AC 

TCA AC AC 

AAAACTCACC 

A* T 

Asp- fumi 

C CAA 

CT 

AAACTTAAA- . 

A A ATT AO 

A A i -■ CACCA 

CAA 1 A 

C T i‘ - 

A CCT C C 

TTAATTT AC 

TCAACAC 

AAACTOACC 

A T 

Cnd-albc 

C CAA 

CT 

AAACTTAAA 

’A ATT AC - ■ 

AA •• • CACCA 

CCA : 

•A T 

A- CCT C TC 

TTAATTT -AC 

TCAACAC 

AAACTCACC 

A T 

Gir-lamb 

C -CAA 

CT 

AAAC1T AA - 

CATT AC 

A ■ - - TACCA 

CCA ./ 

TC T 

A TCT C C 

TCAATCT AC 

TCA AC TC C 

-CACCTCACC 

A ’ C 

Human 

T CAA A 

CT 

AAACTTAAA 

. A ATT 'AC 

A A' CACCA 

CCA 

a t ;• • 

A CCT C C 

TTAATTT AC 

TCAACAC 

/’iAACCTCACC 

C C 

E-coli 

C :CAA- 

TT 

AAACTCAAAT 

A ATT AC ■ 

CCC C-A 

CAA . ;< 

: T 

A CAT T T 

TTA A TIC AT 

CAAC TC A A 

A ACCTT/ CC 

T TCTT AC 


1501 


1511 


1521 

i 

1531 

i 

1541 

1 


1551 

1 

1561 

I 

1571 

1 

1581 

1 

1591 1600 

I I 

Ent-hist 

1 

CC -AO 

T 

1 

■A A - 

A AT- - 

1 

TC. \ -TT/ - 

l 

.a ■TTCTTTCA 

1 

T A- 

-TTTA T 

l 

T Tm- T 

1 

T -CAT C 

1 

C TTCTT T 

1 

T T • A T 

1 l 

A TIT TC--/ 

Crp-parv 

CC AC 

T • 

■ A A 

ATT - 

TC- dT AT 

A- CTCTTTCT 

T A - 

-TTCT/ 

T T -- T 

T CAT C 

C TTCTT/' T 

T T A T 

ATTP TC— T 

Asp- fumi 

CCr \C 

\ A . . 

TA V 

ATT - 

•TCA /att A 

a CTCT1TCT 

T ■A- 

-TCTTT 

T AT -- T 

T CAT TC 

C TTCTT A T 

T T -// T 

/\TIT TC — T 

Cnd-albc 

CC tc 

TC"' 

T 1 ■ 

TP - 

TCA: TP 

. CTCTTTCT 

T -A - 

-TTTT 

T T -- T 

T CAT C 

C TTCTTA T 

T T . T 

ATTP TC — T 

Gir-lamb 

CC c 

C- 

C 

TCC 

TC CC - 

C C CTTTC 

C 

-TC C 

C C -- T 

T CAT TC 

C TCTCCC A TC 

CC T C C 

a CC TCT C 

Human 

CC c 

c 

TC 

.“TT - 

TC TP T 

CTC1TTCT 

C -- 

-TTCC 

T T -- T 

T CAT C 

C TTCTr 1 T 

T T A C 

‘' TIT TC — T 

E-coli 

— TCC 

c 

— 

TTT- 

TC . T 

> T T CCT 

TC 

.A ACC 

T C T 

CT C T TC 

T TC TC C 

TC T TT T 

A a AT TP— 
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Ent-hist 
Crp-parv 
Asp- fund 
Cnd-albc 
Gir-lamb 
Human 
E-coli 


Ent-hist 
Crp-parv 
Asp-f umi 
Cnd-albc 
Gir- lamb 
Human 
E-coli 


Ent-hist 
Crp-parv 
Asp- fund 
Cnd-albc 
Gir-larrb 
Human 
E-coli 


Ent-hist 

Crp-parv 

Asp-fumi 

Cnd-albc 

Gir-lamb 

Human 

E-coli 


( 


ssu-rRNA Alignment 


1601 

I 

ttavitcc 

TTV/TTCC 
CTTAATT C 
OITVTT c 
T- -CCATT C 
TTAATTCC 
TT A A TCC 

1701 


1611 

I 

TAAC AaC 
TTA AC A AC 
ATAAC AAC 
ATAAC AAC 
ACAAC A C 
ATAAC AAC 
C CAAC A C 


1621 


1631 


1641 1651 1661 1671 1681 

| | I ...I - J I ; 

ACT AAA CCTATTAATT A'. TTITCTC CTATAA »ACA « -A A AT TTC CAA AACA-,* T C TmA *1 

ACCITAA CCT CTAAAT AGG-TAAT-A GAAAT WATT TTTC-— TAT 

acctc ccc-ttaaat A‘> cccgg-tc -c ca rrrT C 

ACCTTAA CC TACT A A AT AT CT’-CT -AvCA 

\CCCC CC C “Aj 

ACTCT C/T CTAACT A- TTAC .-C ■ ACCCCC A 


1691 


1700 


— TXT CT 


CC--G 

TA-TA 


C 


TO C 'TCCC 


CAACCCTTA ‘ICC -TIT TT CC-A C 


TCC 


1711 1721 1731 1741 1751 

L J 1 , _ ' 

TCCTATTFT A ATT TA TT ATCTA ATTIC 
ijr- C- T T 


1761 


1771 


CC — 


1781 


ACC-ACTTCT 
ATTATCTICT 
CT - CTTCT 
TC-ACTTCT 

C ; 

CCA-ACTTCT 

■”~r^ACPC 


V7 


1791 


1800 


TAAA AC A CATTTCAATT 

TA A- ■ ACT 

TA : . ACT 

TV A ACT 

CC C AC 

TA ■ A ■' ACA 

AAA ' A ACT 


Atr-c 


C-T- 


C -ACTC 

CCC C 

T ■- C T — TCA CCA 

C-C A- T A --TAAACT 


TTA ACCT CITITAAC T 

— CTAAC C- 

—CAA CC 

- -CAA TC - 

C- A C - 


-AA AAA A A AAA • 

— A- - 

--AT 

—AT * 

— A - 

CCC 


■A A. C 
•A A- T 
-A A- T 
AA T 
A-C 
•A -A- 


•A' -AA 


ATTCA CAAT 
TT A CAAT 
C C CAAT 
TT A • CAAT 
C C AT 
TT A- CAAT 
T AT AC 


V7 


1801 1811 1821 1831 1841 

I I I I I 

AACA TCT T AT CCCTT A A.CTCTT CC CAC C C CTACAAT 
AAOV TCT T AT CCCTT A AT TCCT CC CAC C C CTACACT 

AACA TCT T AT CCCTT A AT TTCT CC CAC C C CTACACT 

AACA TCT T AT CCCTT A 1 ’AC TTCT CC CAC C C CTACACT 

V CA TCT T AT CCCTC A AC CCCT CC CAC C C CTACACT 

AACA TCT ■ T AT CCCTT A AT TCC CT C/C C C CTACACT 

1C A A TC-A TCAT CCCT T-AC ACCA CT-CACAC 


1851 

1 

;A TTACTA 


1861 


1871 

_J - 


1881 


1891 


1900 


;A IA TAT TT TATCATTTAC ACCTTATTTA TTA' CTTT 

*. ’AT CATCCA AO >AG 

.AACA -V CCA * O ' A' TACAT CA 
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E-coli 
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Figure 7.3. Secondary structure of the E. coli ssu rRNA. 

A predicted structure of the small subunit of the E. coli 16S ribosomal RNA is shown 
indicating possible folding and intramolecular base pairing of the ribosomal RNA bases. 
Variable regions are labeled in red. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, et 
al., 1994). This structure is taken fr©m the current release of the RDP-release 5, May, 
1995. 
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Figure 7.4. Sequence conservation between prokaryotic ssu rRNAs. 

Conservation of sequence information at each alignment position for three groups of 
aligned prokaryotic ssu rRNA sequence is shown. The X-axis indicates alignment 
position, and the Y-axis plots a measure of evolutionary conservation. A higher number 
on the Y-axis represents a greater number of sequence changes over the course of the 
evolutionary history of these sequences — a greater variability and lower conservation of 
sequence information. 

The position of the ssu rRNA variable regions (see figure 7.3) are shown in red bars 
under each panel. 

The three panels represent the analysis of three separate data sets. The top panel 
shows sequence variability among all of the prokaryotic sequences listed in table 7.1. 
The middle panel analyzes only gram-negative organisms, while the lower panel shows 
the data for the four mycoplasma species. 
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Figure 7.4. Sequence Conservation between small subunit ribosomal RNAs 
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Figure 7.5. Prokaryotic ssu rRNA sequence evolutionary relationships. 

The evolutionary relationships predicted for the ssu rRNA sequences of the group of 
prokaryotic sequences listed in table 7.1 are shown. The horizontal branch lengths of 
the tree are proportional to the evolutionary distance between each sequence as 
calculated by the Maximum Likelihood method (Felsenstein, 1994; Olsen et al., 1994). 

TaqMan probes that are predicted to identify specific organisms or groups of 
organisms are indicated in red type within boxed regions representing the organisms 
that should be identified by that particular probe. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, et 
al., 1994). This structure is taken from the current release of the RDP-release 5, May, 
1995. 
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Figure 7.6. Eukaryotic ssu rRNA sequence evolutionary relationships. 

The evolutionary relationships predicted for the ssu rRNA sequences of the group of 
eukaryotic sequences listed in table 7.1 are shown. The horizontal branch lengths of the 
tree are proportional to the evolutionary distance between each sequence as calculated 
by the Maximum Likelihood method (Felsenstein, 1994; Olsen et al., 1994). 

TaqMan probes that are predicted to identify specific organisms or groups of 
organisms are indicated in red type within boxed regions representing the organisms 
that should be identified by that particular probe. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, et 
al., 1994). This structure is taken from the current release of the RDP-release 5, May, 
1995. 
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Section 8. 

Conclusions and Recommendations 


The monitoring of spacecraft life support systems for the presence of health 
threatening microorganisms is paramount for crew well being and successful 
completion of missions. Current NASA plans to monitor environmental samples call for 
the use of conventional microbiology techniques which are slow, insensitive, and labor 
intensive. The growing awareness at NASA that better methods of monitoring 
microorganisms in the crew environment on long space missions is evidenced by the 
emphasis given to development of microbiology sensor technology in the 1995 NASA 
Research Announcement for Ground-Based and Small Payloads Research in Space 
Life Sciences (NRA 95-OLMSA-OI). During this project we have evaluated the field of 
gene-based diagnostic research and as a result can offer a number of 
recommendations as to how NASA might best proceed in developing suitable 
microbial monitoring systems. 

Our government has already invested in developing gene-based diagnostic methods 
via Small Business Innovation Research grants to companies like Genometrix, Inc. If 
these ventures are successful in developing a microchip for quantitative detection of 
molecules using probes bound to CCDs and luminescent reporter groups, it will be a 
revolutionary advance in our capacity to detect microorganisms in environmental and 
clinical samples. 1 However it is impossible to know if this revolution will ever come 
about. 

A technology much more likely to produce a functioning monitor in the next 3 to 5 
years relies on the union of the molecular biology techniques of DNA probe 
hybridization and PCR. We believe that although the evolution of PCR-based systems 
for the detection, identification, and quantification of microorganisms will take place 
with or without NASA’s involvement, an instrument that can meet the specialized 
needs of the space program may not be a product of that evolution. NASA’s active 
involvement in supporting this research would accelerate the evolution of a PCR- 
based microbial monitor, as well as assure creation of instrumentation and chemistry 
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that would meet NASA requirements. This technology is theoretically capable of 
assaying samples in as little as two hours with specificity and sensitivity unmatched by 
any other method. This probe-hybridization/PCR has recently come of age in a 
technology called TaqMan™, invented by Perkin Elmer. Instrumentation using TaqMan 
concepts is evolving towards devices that can meet NASA’s needs of size, low power 
use, and simplicity of operation. 

To develop a working microbial monitor using TaqMan PCR that will meet NASA’s 
needs for insuring water quality, work will need to proceed in concert in three different 
research areas. (1) A small, fully automated instrument with low power needs will need 
to be developed. M. Allen Northrup, the LLNL researcher who has developed the hand 
held PCR instrument described in Section 4 and Appendix C has estimated he could 
develop such an instrument in 2-3 years for $250,000. Northrup felt this could be done 
so cheaply because he could “piggyback” the NASA research along with similar work 
he is doing for NIH and other government agencies to develop a PCR-based microbial 
monitor. (2) Importantly, the chemistry and molecular biology needed to utilize a 
probe-hybridization/PCR instrument must evolve in parallel. Otherwise, it would 
require an additional two years to develop and optimize the PCR primers and TaqMan 
probes as well as determine quantitative relationships between the intensity of the 
TaqMan signal and the number of microorganisms in a sample. There are a number of 
other issues with the monitor’s chemistry and molecular biology that must be resolved 
as well, as documented in earlier sections. (3) Finally, a system of water sample 
collection and contaminant concentration must be developed, and integrated with the 
actual monitor. 

There are a scientists who have expressed doubts about the suitability of PCR based 
methods for microbial detection. Detractors of PCR based methods are largely basing 
their arguments against PCR on earlier versions of the technology. 23 The use of carry 
over contamination eliminators and TaqMan are solutions to most of the complaints of 
the technique’s detractors. The fundamental problem of PCR based methods will be 
their inability to discriminate between viable and non viable microorganisms. At least 
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for NASA’s need to analyze recycled water, that deficiency of PCR-based methods 
may be inconsequential. In a study that examined the capacity of bacterial DNA to be 
PCR amplified after the bacteria had been killed by chloroform treatment, although 
small PCR targets (108 bp) were still amplified, large targets (650 bp) were not. 4 The 
MSFC water reclamation includes iodine treatment, which is a halogen like chlorine, 
as part of its antimicrobial processing of wastewaters. 

Importantly, development of microbial monitoring technology for analysis of recycled 
water in spacecraft will have utility far beyond that application. Not only can the 
monitor assay water, with development of suitable sample collection methods air and 
surface microbiology could also be monitored using the same instrument; although 
because these environments would harbor a different set of pathogens, the list of 
microorganisms to be detected would be amended. With new organisms to detect, 
new PCR primers and TaqMan probes would also need to be developed. 

There would be spin-off uses for the technology as well. The world needs better ways 
of monitoring clinical, environmental, and industrial samples for microbial 
contaminants. The aspiration of designers of gene-based microbial diagnostics 
technology is small, inexpensive, fully automated devices that could rapidly describe 
the microbial population of any sample of interest. Such an instrument would have 
applications in every hospital, clinic, water processing plant, and chemical lab in the 
US. It might even be in every home so that people could test their food for pathogenic 
bacteria, or know if a child had a strep throat or Lyme disease before you went to see a 
physician. 
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The University of Alabama at 3irmingham 

Department of Biology 

2QS?34-3308 

Wee 3SS326 UAS 3 MM 


March 6, 1995 


To: John Glass 

From: J.J. Gauthier 

Subject: Organisms to be monitored during the space program 


Please find attached 1 ) organisms listed in Standard Method, 1 8th ed. for monitoring 
of water, 2) organisms isolated from treated water during the Water Recovery Test, 
and 3) a brief list of incidences of infectious disease associated with space 
exploration, 4) my list of recommended organisms for monitoring. The general list and 
each section is prioritized. 

Long-term habitation of a microgravity environment results in reduced functioning of 
the immune system. Consequently, most infections during space missions wiil 
probably come from normal human flora exchanged between crew members or from 
opportunistic pathogens ubiquitous in the environment. It is impossible to keep either 
normal flora or ubiquitous microorganisms out of the Space Station. 'Everything is 
everywhere" (Winogradsky). Infection leading to disease could result from contact 
with high numbers of organisms in a specific locality. Identification of the presence of 
organisms without quantitative determinations wiil therefore be of little value. 

In addition to measuring levels of organisms that potentially cause disease. It will also 
be necessary to consider organisms that could form biofilms in the water treatment 
system. High levels of these organisms could eventually lead to system failure. Heal 
and low levels of iodine are somewhat effective in reducing the levels of organisms, 
but it is impossible to sterilize the entire water treatment system. It is therefore 
recommended that biofouling organisms in the water treatment system be identified 
and included in the list of organisms to be monitored. Potential candidates are 
Thiobaciilus and Pseudomonas. 

Although Legionella and Mvcoolasma have not been detected in short-term WRT 
experiments conducted by NASA, it is likely that they will appear during long-term 
operation of the water treatment system and could pose a serious threat to the health 
of the crew. 


UAB Station / Birminqp-am, Alaoama 3529 * 

An Affirmativr; Action ! equal Opocrruniry employer 
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General Specific 


Legionella 

Legionella pneumophila 

Mycoplasma 


Streptococcus 

S. faecalis S. gatlinarum 

S. faedum S. equinus 

S. avium S. bovis 

Staphylococcus 

Staphylococcus epidermidis 
Staphylococcus hominis 
Staphylococcus aureus 
Staphylococcus haemolyticus 
Staphylococcus wameri 
Staphylococcus saprophyticus 

Pseudomonas 

Pseudomonas aeruginosa 
Pseudomonas pickettii 
Pseudomonas cepacia 

Gram negative rods 

Klebsiella pneumoniae 
Salmonella 
Shigella 
Escherichia coli 
Vibrio choleras 
Vibrio parahaemolyicus 
Vibrio vulnificus 

Other organisms 

Mycoplasma 
Bacillus coaguians 
Micrococcus luteus 
Mycobacterium 
Candida albicans 
Naegleria 
Acanthamceba 
Aspergillus fumigatus 
Histoplasma capsulatum 
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Triiobaciilus ferrooxidans 
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Protozoa 


Viruses 


Gfardia lamblia 
Entamoeba histolytica 
Cryptosporidium 


Coxsacta'e A and B 
Adenovirus types 3 and 4 
Hepatitis A 
Norwalk 
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Greenstoerg, A.E., LS. Closes ri and A.D. Eaton. 1992. Standard Methods for the 
Examination of Water and Wastewater. 18th ed. American Public Health 
Association, American Water Works Association and Water Environment Federation. 
Published by American Public Health Association, 1015 Fifteenth Street, NW, 
Washington, DC 20005 


9213 RECREATIONAL WATERS p.9-26 

includes swimming pools, whirlpools and naturally occurring fresh and marine surface 
waters. 

Indicator organisms: 

Bacteria (primary list): 

Pseudomonas aeruginosa 

fecal streptococci (LandsfieW’s Group D) 

S. faecalis . 

S. feecium 
S. avium 
S. bevis 
S. equinus 
S. gallinarum 
Staphylococcus aureus 
Salmonella/Shigeila 
Legionella 
Escherichia cofl 

Other organisms (secondary list): 

Mycobacterium 
Candida aibicans 
Naegieria 
Acanthamoeba 

Viruses 

CoxsacWe A and B 
Adenovirus types 3 and 4 
Hepatitis A 
Norwaik 



Joseph Gauthier, Ph. D. 
Appendix A 


Standard Methods (cont) 


Page 5 


Water-associated pathogens p. 9-86 

Campylobacter jujuni (p. 9-93) 
Candida albicans 
Enteroviruses 
Klebsiella pneumoniae 
Pseudomonas aeruginosa 
Salmonella (p. 9-87) 

Shigella (p. 9-92) 

Vibrio cholerae (p. 9-94) 

Vibrio parahaemolyicus 
Vibrio vulnificus 

Yersinia enterocolitica (p. 9-100) 


9240 IRON AND SULFUR BACTERIA p.9-73 

These organisms are associated with fouling (slime production) in wastewater 
treatment processes. 

Culturabie organisms 

Sphaerotiius natans 
Tbiobaciilus ferrooxidans 
Beggiatoa 


9610 FUNGI p. 9-11 7 

Found in potable water: 

Aspergillus fumigatus 
Histoplasma capsu latum 
Candida albicans 


9711 PATHOGENIC PROTOZOA p.9-124 

Associated with drinking water and wastewater: 
Giardia lamblia 
Entamoeba histolytica 
Cryptospon'dium 
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Summary of Data from Water Recovery Test Technical Reports 


From May, 1990 to October, 1992, NASA conducted a senes ot water recovery tests ot 
the water recycle system to be used on the Space Station. A model of the Space 
Station (End-Use Equipment Facility) was constructed in Building 4755 at Marshall 
Space Flight Center. Volunteers exercised, showered and carried out other activities 
and the water was treated by various subsystem configurations. Water samples were 
collected at various points in the treatment system and the microbial flora enumerated 
and identified at Boeing and at UAB. 

The data show that high numbers of organisms were present in humidity condensate 
(e.g., 10 6 cfu/IOOml) collected during exercise and in combined wastewater from 
shower, ciotneswashing and other activities (e.g. 10® cfu/iOOmL). The water recovery 
tests showed that various subsystem configurations were generally effective in 
reducing these levels to ^Icfu/IOGml.. 

However, various bacteria were Isolated in low numbers from the treated water. These 
organisms may have been present as the result of inability to sterilize the piping and 
subsystem components of the water recovery system, inability of the system to remove 
100% of the organisms, or they may have been the result of contamination during 
sample collection or processing. At the low levels that were found during the water 
recovery test, these organisms do not pose a health threat. However, if they are 
indeed present in the system water and are capable of growth if nutrients become 
available, they are a potential health concern. It may therefore be desirable to monitor 
the levels of these organisms in treated Space Station water. 

Attached is a list of organisms isolated from dean ports during the Water Recovery 
Test. 

A total of 269 isolates were identified, representing 71 different speties. The isolates 
from the Hygiene Storage Tanks were: 


Organism No of isolations; 

1 38 total 

Pseudomonas sg VE-2 (3) 

Unident Gm + coccus (5) 

Staphylococcus eaprophyticus (7) 

Staphylococcus aureus (9) 

Staphylococcus hominis (22) 

Staphylococcus epidermidis (49) 
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The isolates from the Potable Storage Tanks were: 


Organism 


No of isolations/ 
131 total 


Bacillus coagulans (10) 

Pseudomonas pickettii (11) 

Micrococcus luteus „ (14 

Staphylococcus haemotyticus (14) 

Staphylococcus wameri (14) 


The difference if flora isolated from the two sources (HT vs PT) suggests against 
externaf contamination. 


References: 

Roman, M.C. and SA. Mimon. 1992. Microbiology Report for Phase III Stage A Water 
Recovery Test. NASA Technical Memorandum TM-1 03584. 

Roman, M.C. and S.a. Minton. 1993. Microbiology Report for Stage 4/5 Water 
Recovery Test NASA Technical Memorandum TM-1 08405. 

Roman, M.C. and S.A. Minton. 1992. Microbiology Report for Stage 7 and Stage 8 
Water Recovery Tests. NASA Technical Memorandum TM-1 08443. 
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Microorganisms Associated with Health Problems in 
Previous Space Flights 


The presence of microorganisms associated with crew members and their 
environment on Space Station Freedom has the potential for health problems. Long 
periods of time spent in a microgravity environment leads to reduced immune function. 
Consequently, normal flora organisms, especially those exchanged between different 
individuals, may be potential pathogens. 

Upper respiratory illnesses due to microorganisms, including influenza, viral 
gastroenteritis, rhinitis, pharyngitis and dermatologic problems, occurred during the 
early days of the space program. The following are representative examples of 
infectious disease problems encountered in the space program. 


Oct 11 1968. 

Apollo 7 

Crew experienced upper respiratory symptoms 
during flight 

Mar 3, 1969 

Apollo 9 

Launch postponed 3 days due to viral infection 

Nov 1 4, 1 969 

Apollo 12 

Contact dermatitis from biosensor electrode 

April 11. 1970 

Apollo 13 

Urinary tract infection associated with combined 
effects of cold, dehydration and prolonged wearing of 
urine collection device. (Unusually stressful mission) 

May 13, 1982 

Soyuz T5 

incidence of ureteroiithiasis 

Sept 17, 1985 

Soyuz T14 

Crew returned eariy after illness event 


Reference: 

Taylor, G.R. 1993. Overview of spaceflight immunology studies. Journal of Leukocyte 
Biology 54:179-188. 
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Potential Pathogens - Recycled Water in the Space Station 

BACTERIA 

GRAM POSITIVE COCCI 

Staphylococcus species 

Common pathogens: 

•V. aureus 
S. epidermidis 
S saprophyticus 
Uncommon pathogens. 

S haemolyttcus 
S homims 
S u amen 
S. saccharolyiicus 
S cohnii 
S. smulans 
S. lugdunensts 
S schleiferi 
S capitis 
Microcococcus knsinae 
Streptococcus species 

Lancefield groups: 

S pyogenes (A) 

S. agalactiae (B) 

Group G 
Group D 

S bovis 

Enterococcus species. 

E. avium 
E. raffinosus 
E. faecalis 
E. faecium 
E. casseliflavus 
E. solitarius 
E. dunms 
E. di spar 
E. mundtii 
E. hirae 

Viridans Streptococcus species: 

S. mu tans group 
S salivarius gp. 

S sanguis gp 
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5. mins gp. 

S anginosus gp. 
Streptococcus pneumoniae 
Aerococcus vindans 
Gemella 

G. hemolvsans 
G. morbillorum 
Pediococcus species: 

P acidilactici 
P pentosaceus 
Lactococcus species: 

L. citreum 
L. locus 

L mesenteroides 
L pseudomesenteroides 

GRAM NEGATIVE COCCI 

Neisseria meningitidis 

/V lactam ica 

;V. cinerea 

N. polysaccharea 

N. flavescens 

N. subflava 

N. sicca 

N. mucosa 

N. elongata 

Mo rax el la catarrhalis 

GRAM NEGATIVE RODS 

Members of the Enterobactenaceae: 
Budvicia aquatica 
Cedecea species: 

C. davisae 
C. lapagei 
C. neteri 
C. sp. 3 
C. sp. 5 

Citrobacter species 
C. freundii 
C. diversus 
C. amalonaticus 
Edwardsiella species: 

E. tarda 
E hoshinae 
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Emernbacter species: 

£' aero genes 
E. cloacae 

E. agglomerans (now Pantoea agglomerans/ 
E. gergoviae 
E sakccakn 
E. tavlorae 
E. am m genus 
E. intermedium 
Escherichia species: 

E. coli 

E. fergusonii 
E hermannii 
E. vu Inerts 
Shigella species: 

O groups A, B. C 
S sonnei 

Ewingella amencana 
Hafnta alvei 
Klebsiella species 

K. pneumoniae 
K. oxytoca 
K. omithinolytica 
K. planticola 
K. ozaenae 
K. rhinoscleromatis 
Klvvera species: 

K. ascorbata 

K. cryocrescens 
Koserella trabulsii 
Leclercia adecarboxylata 
Leminorella species : 

L. grimontii 
L. richardii 

Moellereila w isconsensis 
Morganella morganii 
Proteus species: 

P mirabilis 
P. vulgaris 
P. pennen 
Providencia species: 

P rettgen 
P stuartii 
P alcalifaciens 
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P nistigiann 
Rahnella aquatihs 

Salmonella species: f'CDC-6 group ID classification) 

Salmonella subgroup l strains : 

S typhi 
S. choleraesuis 
S. paratyphi A 
S. galhnarum 
S pullorum 

Salmonella subgroup 2 strains 
Salmonella subgroup 3a & 3b strains (Arizona) 
Salmonella subgroup 4 strains 
Salmonella subgroup 5 strains 
Salmonella subgroup 6 strains 
Serratia species . 

S marcescens 
S. hquefaciens group 
S rubidaea ' 

S odonfera biogroups 1 & 2 
S. plymuthica 
S ficana 
S fonticola 
Tatum ella ptyseos 

Xenorhabdus luminescens DNA group 3 
Y ersima species: 

Y . enterocolitica 

Y frederiksenii 

Y intermedia 

Y knstensenii 

Y rhodei 

Y pseuotuberculosis 
Y. bercoveri 

Y. mol lore tii 
Y . ruckeri 
Enteric Group 58 
Enteric Group 59 
Enteric Group 60 
Enteric Group 68 
Enteric Group 90 

Haemophilus species: 

H. influenzae 
H. aegyptius 
H. haemolvticus 
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H paramfluenzae 
H parahaemolyncus 
H paraphrohaemolyticus 
H aphrophilus 
H paraphrophilus 
H- segms 

Legionella pneumophila 

Legionella species other fPCR oligonucleotides available and allow these 2 
Legionella distinctions, i.e., L. pneumophila and Legionella - non- 
pneumophila) 

Pseudomonas species: 

P aeruginosa 
P cepacia 
P fluorescens 
P putida 
P siutzeri 
P. alcaligenes 
P. diminuta 
P gladioli 
P. mendocina 
P pertucinogena 
P pickettii 
P pseudoalcaligenes 
P. thorn asii 
P. vesicularis 
P sp. CDC group 1 
Pseudomonas-like group 2 
UFP-1 

UFp-2 

Campylobacter species: 

C. jejuni 

C. C.hyointestinalis 
C. Ian 

C. upsahensis 
C. concisus 
A rchobacter butzleri 
A chromobacter groups B & E 
A cinetobacter species 
A. baumannii 
A. calcoaceticus 
A. haemolyticus 
A. johnsonii 
A . jumi 
A. hvoffi 
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A Icahgenes species: 

A . faecahs 
A. odorans 

A. xyiosoxidans ssp denitnficcms 
Chrysemonas luteola 
Commamonas acidovorans 
Commamonas testosteroni 
Eikenella corrodens 
Flavimonas oryzihabitans 
Flavobacterium species: 

F menmgosepticum 
F indologenes 
F. odoraium 
F. (halo phi lum 
Kingella species: 

K. demtnficans 
K kingae 

Methylobactenum (Pseudomonas mesophilica) 

Moraxella species 
M. lacunaxa 
M. nonliquefaciens 
M. osloensis 
Shewanella puirefaciens 
Sphingomonas paucimobilis 
Sutonella indologenes 
Xanthomonas maltophilia 

CDC IVc-2 ( included because it has been found in water) 

Ochrobactrum 
Ohgella species: 

O. urethrahs 

O. ureolytica 

A ctinobacillus acnnomycetemcomiians 
Pasteurella species: 

P multocida 

P, ureae 

Cardiobacterium homims 
Chromobactenum violaceum 
Streptobacxllus moniliformis 
Vibrio species: 

V . cholerae 
V. mimicus 

(The remainder of the Vibrio species of consequence will not grow without 
NaCl) 
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Aeromonas species : 

A. hydrophxla 
A. caviae 

A veronii biogp. sobna 
A . jandaei 

A. veronu biogp. veronii 
A. schubertii 
A. trota 

Plesiomonas shigelloides 

GRAM POSITIVE RODS 

Corynebacienum species: 

C. ulcerans 
C. xerosis 
C. jeikeium 
C urealyticum 
C. minutissimum 
C. matruchotii 

A rcanobactenum haemolyticum 
Rothia dentocanosa 
Kurthia species 
Oerskovia species 
Listeria monocytogenes 
Erysipelothnx rhusiopathiae 
Bacillus cereus 
Mycobacterium species 

M avium -intracellulare complex 
M fortuitum-chelonae 
M. genavense 
M m annum 
M. scrofulaceum 
M . xenopi 

OTHER 

Mycoplasma species: 

M. fermentans 
M horn mis 
M pneumoniae 
Ureaplasma urealyticum 
Nocardia asteroides 
Nocardia otitidiscaviarum 
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VIRUSES 


Tables Attached) 

Coxsackieviruses A & B 

Echoviruses 

Enteroviruses 

Hepatitis V iruses A & E 

Poliovirus (If vaccine not administered) 

Gastroenteroviruses: 

Norwalk or Norwalk-like 
Rotavirus 
Calicivirus 
Astro virus 
Coronavirus 

Fungi 


Blastomyces dermatitidis 
Paracoccidioides brasiliensis 
Histoplasma capsu latum 
Rhizopus arrhizus 
Aspergillus fumigatus 
Cryptococcus neoformans 
Candida albicans 

Other 


Cryptosporidium 

Giardia lambha 
Entamoeba histolytica 
Naeglena fow leri 
Acanthamoeba spp 
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Executive Summary: 


This report describes the third 6 months of effort under the 3-yr 
ARPA contract. It provides continuing results in the area of MEMS- 
based PCR reaction chamber design and testing. Much of the effort 
has been in the area of refining the hand-held thermal cycling 
instrument including low voltage/low power operation, temperature 
sensing/feedback, and performing verification experiments with 
state-of-the-art PCR. Detection of cystic fibrosis mutations on 
human DNA was performed with the new instrument and a simple 
reagent-based assay. We have shown promising results in various 
types of detection including real-time, kinetic monitoring of DNA 
production during the PCR process. MEMS-based 
electrochemiluminescence detection has continued as well. The 
significance of these results are that battery-operated, hand-held, 
PCR amplification and simple reagent-based, targeted detection of 
biologicals and diseases is possible for the first time. 



Overview of second year goals: 


In this third six month period we have continued the solidification 
of the infrastructure, personnel, and collaborators of this project. 
We are continuing our collaborative work with the University of 
California at Davis, the Armed Forces Institute of Pathology, and 
Roche Molecular Systems (RMS) of Alameda, CA. We have aiso 
continued our strong connection with LLNL's Biology and 
Biotechnology Research Program. 

Technically, this second year of the project was to investigate and 
develop the detection and fluidic systems. In the previous report 
(94.2) we provided a description of the infrastructure, prototype 
testing laboratory; and results from modeling, reaction chamber 
designs, and preliminary ECL detection. In that report, three 
biological systems were used as verification experiments for the 
PCR microinstrument (two different HIV targets and (l-globin). A 
prototype of the microfabricated PCR reactor and a low-power, 
hand-held thermal cycling instrument was demonstrated. In the 
present report we describe: 1) continued improvements to the 
thermal cycling controller; 2) in situ, real-time, kinetic 
fluorescence detection of the reaction; 3) results from a complex 
PCR-based assay; and 4) detection of cystic fibrosis (CF) mutations 
with a immobilized DNA probe strip test. As well, we have 
performed evaluations of new materials for reaction compatibility 
and reaction chamber cleaning procedures to test for reusability. 


Brief Overview of Recent Accomplishments 

Reaction chamber designs and control of thermal cycling: We have 

continued to use thermocouple-based temperature sensing and 
feedback to ensure precise control of cycling temperatures. We have 
made several incremental improvements over the last report in the 
controller that include: integration of the thermocouple 

read/converter from a commercial device and voltage regulation 
onto our 3" by 5 " card. The improved controller has shown 
improvements in calibration and more precise control. These 
improvements have been partially responsible for our recent ability 
to obtain multiplex (simultaneous, multiple target) amplifications 
of eight separate targets on human DNA. These results are shown 
later. When compared to commercial instruments we have 
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Figure 6. Immobilized DNA probe-based, "reverse dot" assay concept 
developed for CF testing by Roche. 



Figure 7. Photograph of reverse dot plot, DNA hybridization-based, 
detection of UNI (top ) and commercial instrument (bottom two) 
amplifications of CF mutations from human genomic DNA. 

Real-time, kinetic detection of DNA production during PCR in the 
LLNL instrument compares favorably with published results obtained 
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Figure 7.1. Alignment of prokaryotic ssu rRNA sequences. 

Alignments of the ssu rRNA sequences of the prokaryotic microorganisms listed in 
table 7.1 are shown. Gaps in an alignment position are indicated by dashes. Numbering 
across the top of the alignment include gapped positions. 

The variable regions of the ssu rRNAs are shaded in gray, and labeled in red. These 
correspond to the variable regions discussed in Neefs, et al., 1991. 

The position of the upper and lower PCR primers are shaded in light blue. The 
position of the TaqMan probes listed in table 7.2 are also indicated. The numbering has 
been altered due to the inclusion of gaps in the numbering of the alignments. 

Data used in preparing this figure were derived from the Ribosomal Database 
Project (RDP) accessed at the University of Illinois in Urbana, Illinois via FTP (Maidak, 
et al., 1994). Some of these sequences were taken from release 4.1 of the RDP, 

October, 1994. 
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PCR-Based Microbial Monitor 


Summary 

The monitoring of spacecraft life support systems for the presence of health 
threatening microorganisms is paramount for crew well being and successful 
completion of missions. Development of technology to monitor spacecraft recycled 
water based on detection and identification of the genetic material of contaminating 
microorganisms and viruses would be a substantial improvement over current NASA 
plans to monitor recycled water samples that call for the use of conventional 
microbiology techniques which are slow, insensitive, and labor intensive. 

The union of the molecular biology techniques of DNA probe hybridization and 
polymerase chain reaction (PCR) offers a powerful method for the detection, 
identification, and quantification of microorganisms and viruses. This technology is 
theoretically capable of assaying samples in as little as two hours with specificity and 
sensitivity unmatched by any other method. A major advance in probe- 
hybridization/PCR has come about in a technology called TaqMan™, which was 
invented by Perkin Elmer. Instrumentation using TaqMan concepts is evolving 
towards devices that could meet NASA’s needs of size, low power use, and simplicity 
of operation. The chemistry and molecular biology needed to utilize these probe- 
hybridization/PCR instruments must evolve in parallel with the hardware. The 
following issues of chemistry and biology must be addressed in developing a monitor: 

• Early in the development of a PCR-based microbial monitor it will be necessary to 
decide how many and which organisms does the system need the capacity to 
detect. We propose a set of 17 different tests that would detect groups of bacteria 
•and fungus, as well as specific eukaryotic parasites and viruses. 

• In order to use the great sensitivity of PCR it will be necessary to concentrate water 
samples using filtration. If a lower limit of detection of 1 microorganism per 100 ml 
is required then the microbes in a 100 ml sample must be concentrated into a 
volume that can be added to a PCR assay. 

• There are not likely to be contaminants in ISSA recycled water that would inhibit 
PCR resulting in false-negative results. 
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• The TaqMan PCR product detection system is the most promising method for 
developing a rapid, highly automated gene-based microbial monitoring system. 
The method is inherently quantitative. NASA and other government agencies have 
invested in other technologies that, although potentially could lead to revolutionary 
advances, are not likely to mature in the next 5 years into working systems. 

• PCR-based methods cannot distinguish between DNA or RNA of a viable 
microorganism and that of a non-viable organism. This may or may not be an 
important issue with reclaimed water on the ISSA. The recycling system probably 
damages the capacity of the genetic material of any bacteria or viruses killed 
during processing to serve as a template in a PCR designed to amplify a large 
segment of DNA (>650 base pairs). If necessary vital dye staining could be used in 
addition to PCR, to enumerate the viable cells in a water sample. 

• The quality control methods have been developed to insure that PCRs are working 
properly, and that reactions are not contaminated with PCR carryover products 
which could lead to the generation of false-positive results. 

• The sequences of the small rRNA subunit gene for a large number of 
microorganisms are known, and they constitute the best database for rational 
development of the oligonucleotide reagents that give PCR its great specificity. 
From those gene sequences, sets of oligonucleotide primers for PCR and TaqMan 
detection that could be used in a NASA microbial monitor were constructed using 
computer based methods. 

In addition to space utilization, a microbial monitor will have tremendous terrestrial 
applications. Analysis of patient samples for microbial pathogens, testing industrial 
effluent for biofouling bacteria, and detection of biological warfare agents on the 
battlefield are but a few of the diverse potential uses for this technology. Once fully 
developed, gene-based microbial monitors will become the fundamental tool in every 
lab that tests for microbial contaminants, and serve as a powerful weapon in 
mankind’s war with the germ world. 
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Introduction 

Safe water to drink and air to breathe are essential for human life. A critical aspect of 
air and water safety is the absence of pathogenic microorganisms; however the closed 
nature of spacecraft environments makes control of microbial contaminants all the 
more critical and difficult. That need is compounded by the attenuation of human 
immune system function due to long term exposure to microgravity. 1 To achieve control 
of microorganisms in spacecraft, NASA must develop environmental sensors capable 
of monitoring the microbial content of recycled air and water. Traditionally, analysis of 
environmental samples for microbial pathogens relied on culturing the organisms on 
suitable growth media or propagation of viruses in tissue culture cells. Such methods 
are costly, slow in that some species of bacteria may take as long as 2 weeks to 
culture, and in many cases ineffective. Perhaps 99% of all organisms in environmental 
samples may not be cultivable. 2 Although the current plan for monitoring microbial 
contamination on ISSA will utilize culture methods, new technologies for microbial 
detection are under development that could let astronauts know in 2 hours instead of 
1-14 days if there were dangerous pathogens in their air or water. The most promising 
of these technologies is based upon a technique called PCR, for polymerase chain 
reaction. 

PCR is a powerful technique invented by Nobel laureate Kerry Mullis that allows 
enzymatic amplification of DNA segments in vitro through a succession of incubation 
steps at different temperatures. 3, 4i 5 Typically, the double-stranded DNA is heat- 
denatured, two oligonucleotide primers (the PCR primers) that are complementary to 
the 3’ boundaries of the target DNA segment are annealed at low temperature, and 
then enzymatically extended by Taq DNA polymerase at an intermediate temperature. 
One set of these three steps is referred to as a cycle, and the instrument that 
repeatedly changes the temperature of a PCR sample is called a thermocycler. The 
PCR process is based on repetition of this cycle and amplify DNA segments, called 
amplicons, by 10 5 to 10 9 fold. 
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The technique is relatively new; however it is being used increasingly as a method of 
diagnosing and precisely identifying microbial contamination in environmental, 
clinical, and industrial samples. As with any new scientific technique, it is continually 
being refined and improved. This report is an evaluation of the state of PCR science as 
it applies to the needs of NASA to develop a microbiology monitor for use aboard 
spacecraft. We have evaluated the scientific literature; talked with scientists in 
academia, government, and industry; and using DNA informatics methods, designed a 
set of oligonucleotides that could be used to detect potential pathogens in recycled 
water. 
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Section 1. 

What Pathogenic Microorganisms Must a Spacecraft Microbial 
Water Quality Monitoring System Be Capable of Detecting? 

NASA has spent =8 million dollars in the development and construction of a system to 
convert all of the waste water on the ISSA into potable water. In tests of NASA’s water 
reclamation system at the Marshall Space Flight Center (MSFC) in Huntsville, 
Alabama, Staphlococcus sp,, and Pseudomonas picketti were among the bacterial 
taxons identified from clean water ports. 1 Additionally, in a small scale PCR based 
analysis project DNAs from Legionella sp., Salmonella sp. and pathogenic 
Escherichia coli were amplified from clean water ports. 2 On the Russian space station 
Mir, cosmonauts had a high incidence of skin and gastro-intestinal infections. Clearly, 
current technology is incapable of completely controlling the occurrence of potential 
pathogens in space environments. 

Currently, NASA plans to monitor ISSA air and potable water for microorganisms as 
described in the Table 1-1. Bacterial and fungal assays will be performed in flight by 
passing air or water through membrane filters and culturing filtered organisms on R2A 
and other media. Specific analysis for viruses and the listed air based organisms will 
be done on Earth. 


Table 1-1. In flight microbiological limits for ISSA air and water. 


Air Quality Requirements 

Water Quality Requirements 

Total Bacteria 

<500 CFu/nr 

Total Bacteria & Fungi 

£ 100 CFU/100 ml 

Total Fungi 


Total Coliform Bacteria 

0 CFU/100 ml 

Branhamella catarrhalis 

| 

Total Viruses 

0 PFU/100 ml 

Neisseria meningitidis 

0 CFU/nT 


Salmonella spp. 


Shigella spp. 


Streptococcus pyogenes 


Aspergillus fumigatus 


Cryptococcus neotormans 
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Although the ISSA water quality requirements are tractable for culture based analysis, 
if it were technically feasible, spacecraft water should be tested for a more 
comprehensive list of potential pathogens. One of the important capabilities of PCR 
based methods for microbial analysis is the ability to identify defined targets. That 
specificity can theoretically be tailored to any taxonomic level, from species to 
kingdom. PCR conditions can be designed to specifically amplify almost any unique 
genetic element. Our consultants, Dr. James Barbaree and Dr. Joseph Gauthier, both 
experts in the area of water quality, constructed lists of potentially significant 
pathogens for which a comprehensive water quality monitor should test. Dr. 
Barbaree’s list is comprehensive in its inclusion of all microorganisms that might be 
hazards in reclaimed water (Appendix B). Dr. Gauthier’s list was much shorter and 
more directed towards the organisms likely to be encountered; however even it 
contained some organisms that probably would not be a risk in spacecraft water 
(Appendix A). 

After evaluating the aforementioned two lists, several generations of tests on the ISSA 
water reclamation system at the MSFC, and consulting guidelines from the American 
Public Health Association 3 , and U.S. Environmental Protection Agency 4 , we compiled 
a consensus list of infectious agents and groups of agents that could be potential 
hazards in ISSA recycled water (Table 1-2). The most important microbial taxons are 
placed at the top of the list, i.e. all bacteria and fungi, Legionella sp., enteric bacteria, 
and Gram positive bacteria. Thiobacillus sp. and Pseudomonas sp. (also an 
opportunistic pathogen) were included on the list because they are associated with 
fouling (biofilm production) in wastewater treatment processes, and thus indirectly 
could pose a health problem in spacecraft by damaging water processing systems. 

Because long-term habitation of a microgravity environment results in diminution of 
immune system function, it is inevitable that most infections occurring in space will 
result from normal human flora being exchanged between crew members and from 
opportunistic environmental pathogens. It will be impossible to keep normal human 
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Table 1-2. Composite list of infectious agents that are potential hazards in ISSA 
recycled water for which a PCR based monitor should analyze. 


Microorganism or Virus 

1. Any Bacteria 

2. Any Fungi 

3. Legionella sp. 

4. Enteric Bacteria 

5. Gram Positive Bacteria 

6. Pseudomonas aeruginosa 

7. Pseudomonas sp. 

8. Mycoplasma sp. 

9. Acinetobacter sp. 

10. Listeria sp. 

11. Thiobacillus sp. 

12. Cryptosporidium 

13. Candida albicans 

14. Cryptococcus sp. 

15. Norwalk Virus 

16. Hepatitis A Virus 

17. Rotavirus 


flora or ubiquitous microorganisms out of the ISSA. Infections, which may result in 
disease will probably come from contact with organisms not normally considered 
pathogens in a healthy adult population such as astronauts. There is a risk of making 
our list of probable pathogens too exclusive, accordingly we have included assays for 
microbes unlikely to cause problems such as Mycoplasma and Acinetobacter. 
Although spacecraft crews will undergo rigorous medical screening before launch to 
prevent potential carriers of microbial pathogens from infecting their colleagues in 
space, the same intense screening will not be applied to every technician who comes 
in contact with the spacecraft and its cargo as it is being prepared for launch. Many 
microorganisms and viruses can persist for long periods of time on surfaces, and an 
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infected launch site worker or insect vector could unwittingly contaminate a spacecraft 
days or weeks before launch with a pathogen such as a Gram positive bacillus, fungal 
spore, or enterovirus for which the astronauts are routinely screened. 

In Section 7 of this report we present lists of PCR primers and probes designed to 
specifically detect a number of organisms not listed in Table 1-2. Because we envision 
PCR based microbial monitor technology will be used both in space and on Earth for 
water quality analysis, we included organisms in the primer design section which 
would need to be considered in terrestrial applications. 

Although we list three viral pathogens, assays to detect viruses in ISSA water may be 
of little value for two reasons. First, because viruses are obligate parasites and can 
replicate only in host cells, no increase in viral titer can take place as a result of viral 
replication in the water. Any virions in the water system will have to have passed 
through the entire water purification process or have been deposited on the clean 
water side of the purification system. Viral titers should always be very low if not zero. 
Second, although PCR based methods can detect as little as a single nucleic acid 
template, sample concentration is necessary in order to effectively utilize PCR’s great 
sensitivity 5 (see Section. 2). Currently available sample concentration techniques are 
based on filtration, and because viruses are so very small, current filtration methods 
are largely ineffective for collecting viruses. Environmental sampling methods have 
been reported that use filtration to concentrate viruses in sea water for detection by 
PCR; 6 however in the ultrapure low conductivity water generated by the ISSA water 
reclamation system, filter concentration of viruses would probably not be possible 
given the size and power consumption requirements of the ISSA. Nonetheless, one of 
the principle rationales for incorporating viral testing capability into any PCR based 
system would be for spin-off terrestrial uses where such a viral monitor could have 
numerous uses in both clinical and environmental settings. 
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Section 2. 

Current and Projected Methods for 
Pre-PCR Sample Concentration 

Although PCR based methods are capable of detecting a single target organism or 
virion, it is essential that samples be concentrated in order to attain a high sensitivity 
per unit volume. NASA specifications call for detection of a single organism in 100 ml 
of water. However because PCR samples are typically 40 pi or less, without 
concentration the lower limit of detection is 25 PCR templates/ml because 1 template 
per 40 pi corresponds to 2500 templates per 100 ml sample. To attain a lower limit of 
detection of 1 microorganism in 100 ml it is necessary to concentrate any 
microorganisms in a 100 ml water samples so that they can all go into a 50 pi PCR 
reaction. This is a decrease in volume of at least 2500 fold. 

Additionally, because we envision analyzing water for perhaps as many as 20 different 
microorganisms or groups of microorganisms it will be necessary to concentrate more 
than a single 100 ml sample of water if the 1 template per 100 ml lower limit of 
detection is to be achieved. For that sensitivity, each PCR sample will need a 100 ml 
water sample that had had any microorganisms present concentrated 2500 fold. The 
TaqMan™ technology for analysis of PCR products we propose NASA use (described 
in Section 4) can be configured to simultaneously test for 2 different templates in a 
single multiplex PCR reaction. Thus to assay for 20 different microbial taxons with the 
prescribed limit of detection, 10 multiplex PCRs would be needed and the potential 
PCR targets in 1 liter of water would need to concentrated into approximately 400 pi of 
water. Importantly, although 1 liter would be a large volume of water given the 
limitations of the ISSA, the sample concentration process need not consume more 
than 400 pi of that amount and event that water could be reclaimed after the PCR 
assays. 

Two basic strategies have been used for concentration of microorganisms: 
centrifugation and filtration. Centrifugation is unlikely to be suitable because of the 
large sample volumes that would need to be concentrated as well as the power and 
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space requirements for a centrifuge that could pellet bacteria and viruses from one liter 
of water. Accordingly, filtration is a much more tractable option for the necessary 
sample concentration. Bacteria and eukaryotic parasites such as Cryptosporidium are 
large enough to be concentrated using filtration methods; however viruses are too 
small to be efficiently filtered using standard technologies and as a result are usually 
concentrated by centrifugation or vortex flow filtration. 1 

Using filtration, single cells of microorganisms in 100 ml water samples can be 
detected by PCR. 2,3 Samples were concentrated onto filters and the DNA of the 
microorganisms was released by freeze-thaw cycling prior to PCR. PCR can be 
performed without removing the filters. The choice of filtration media is critical. PCR 
amplification is unaffected by polyvinylidine fluoride filters and polytetrafluoroethylene 
filters, marketed by Millipore as Durapore® and Fluoropore® filters respectively. 
Cellulose acetate and nitrocellulose filters inhibit PCR amplification, presumably 
because DNA binds to the filter matrix. 2,3 

Filtration of water aboard the (SSA 

Development of a system of filtration for use on the ISSA may prove to be problematic. 
Any filtration system must have a number of characteristics consistent with the NASA 
prescribed characteristics for a microbial monitor as well as for incorporation into a 
PCR based system: 

• The filtration process must integrate with the ISSA water system and the PCR 
processor. 

• The system must use minimal amounts of power, space, and water. 

• If possible the filtration system should be fully automated, so that zero or minimal 
ISSA crew effort is expended to make it function. 

• The filtration system will need to be kept sterile so that no microbial contamination 
from outside the water system becomes a source of false positive PCR results. 
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One liter water samples will need to be taken at some defined interval, perhaps daily, 
from the clean water side of the ISSA water system. Where should the water collection 
site be? Environmental detection of Legionella is usually done at all of the end use 
ports because those bacteria may exclusively colonize one site such as a shower 
head. On the ISSA it may be possible to collect water from every port; however that 
would require active crew involvement in the microbial monitoring process. Even if all 
the water was collected from a single port, probably the drinking water port, 
development of an instrument that would collect, filter, and recycle one liter of water on 
a daily basis and then transfer the filter to the PCR processor would be an elaborate 
and expensive project. Alternatives that require crew involvement could probably be 
developed using modifications of existing technology. For instance, an astronaut 
could collect the liter of water into a manifold that holds 10 filters. Thus 100 ml could 
be forced by compressed air or vacuumed through the filters (the ISSA does have a 
vacuum source for use in the hygene system), and then the water could be returned to 
the stainless steel bellows tanks or used directly. The filtration would constitute an 
additional purification step. Once the filtration was complete, an astronaut would then 
aseptically transfer the filters to the PCR sample tubes. Aseptic transfer so that no 
microbes form outside the water system contaminate the PCR samples could be 
difficult to accomplish; however methods and an appropriate apparatus should be 
possible to devise. 
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Section 3. 

Does the MSFC Water Reclamation System Introduce Chemicals 
into Water That Would Inhibit a PCR-Based Microbial Monitor? 

Can PCR be done on water reclaimed by the system designed for use aboard the 
ISSA? Yes, in analyses performed on samples from the Stage 7 and Stage 8 test of 
the water reclamation system at MSFC, PCR was shown to be an effective and 
sensitive tool to monitor microbial contaminants. 1 Are there chemicals in the reclaimed 
water that inhibit PCR assays? That question must have the qualified answer of 
probably not, but we do not know for sure. The principle reason there are not likely to 
be any inhibitors of PCR is that as a result of the high efficiency of the water 
reclamation system, the recovered water is extremely clean. Chemical analysis of the 
MSFC reclaimed water for a great number of elements showed only iodine, which is 
used as a biocide, is present in greater than mg/L amounts (Table 3-1). We cannot be 
sure because although PCR analysis of the Stage 7 and 8 samples was successful, 
the scientist who performed those tests, Dr. Asim Bej of the University of Alabama at 
Birmingham, stated no effort was made to determine if there were PCR inhibitors in the 
water that would make the tests less sensitive. 2 

There are a number of chemicals that have been reported to inhibit the PCR enzymes; 
however none of the chemicals identified in the MSFC recycled water are present at 
concentrations known to inhibit PCR. There are no reports in the literature 
documenting the effect of iodine on PCR. The aforementioned work by Asim Bej on 
the Stage 7 and 8 samples of MSFC recycled water suggests iodine is 
inconsequential. 1 Another potential contaminant whose effect on PCR has not been 
reported is silver. The Russian space program employs silver as a biocide in its water 
reclamation system. 3 Solubilized metals can affect PCR. High levels of iron have 
been reported to inhibit Taq DNA polymerase, the PCR enzyme; however no other 
metals have been reported to affect PCR. 4 

Development of a PCR based microbial monitor for the ISSA should have as one its 
initial steps experiments to determine if the MSFC recycled water contains inhibitors of 
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PCR. Additionally, the affects on PCR of iodine concentrations greater than the 2.3 
mg/L average value found in the MSFC recycled water, and silver in the concentration 
range found in Mir recycled water should be tested. 


Table 3-1 . Chemicals identified in the MSFC recycled water. 1 


Parameter 

Units 

Detected 

Average 

(Z)-9-octadecan-1 -ol 

ug/L 

6.6 

1 -methyl-2-piperdinone 

_ ug/L 

14 

1 -methyl-2-pyrrolidinone 

ug/L 

226 

2-ethyl-12-hexanol 

ug/L 

8.9 

toluene 

ug/L 

3 

acetic acid 

mq/L 

0.21 

3-hydroxy butyric acid 

mg/L 

0.32 

ethanol 

mg/L 

0.54 

formaldehyde 

mq/L 

0.1 

glycolic acid 

mg/L 

0.2 

oxalic acid 

mq/L 

6.9 

propionic acid 

mg/L 

0.32 

aluminum 

mg/L 

0.6 

barium 

mg/L 

0.01 

calcium 

mq/L 

0.06 

chloride 

mg/L 

0.08 

fluoride 

mg/L . _ _ 

0.06 

iron 

mq/L 

0.01 

manganese 

mq/L 

0.008 

nickel 

mg/L . _ _ 

0.03 

nitrate 

mg/L 

0.16 

phosphate 

mq/L 

0.47 

potassium 

mg/L 

0.21 

sodium 

mq/L 

0.63 

sulfate 

mg/L 

0.22 

residual iodine 

mg/L _ 

2.3 

iodide 

mg/L 

0.64 

conductivity 

uohm/cm 

5.6 

PH _ _ 

pH units 

MMBEEBMmi 

total organic carbon 

mg/L 

0.59 | 


Analyzed for, but not detected 

Cadmium 

Lead 

Magnesium 

Copper 

Selenium 

Silver 

Molybdenum 

Arsenic 

Chromium 

Zinc 
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Section 4. 

Current and Projected Methods for Quantitative 
Analysis of Post-PCR Products 

Gene-based microbial analysis: PCR 

Since PCR’s invention in 1985 as a method for the prenatal diagnosis of sickle cell 
anemia, 1 PCR has rapidly become the basic tool in all types of genetic diagnosis. For 
detection of low levels of microbial contamination in almost any kind of sample, PCR 
based methods are unsurpassed in speed, specificity, and sensitivity. PCR is based on 
the concept that repetition of a DNA extension reaction bounded by two synthetic 
oligonucleotide primers would generate a large quantity of any specified DNA 
sequence. Culture based microbial analysis relies on the reproduction of individual 
organisms until sufficient progeny exist to constitute a colony that can be easily 
detected, and identified based on a phenotype. Similarly, PCR based microbial 
monitoring replicates a specific segment of a target microbe’s genome to a 
concentration sufficient for detection and characterization. As the number of colonies 
on a bacterial assay plate is a quantitative function of the number of that bacteria in a 
sample, so can the number of copies of a PCR amplified DNA sequence be a function 
of number of those sequences in the sample prior to PCR. It is important to note that 
because the efficiency of amplification varies among different templates and primer 
sets, so quantitative PCR assays must be evaluated independently. 

In most current PCR applications, to analyze post-PCR products for amplified DNA 
sequences, called amplicons, there are two basic methods. Most simply, the PCR 
products are size fractionated by gel electrophoresis, stained with a fluorescent dye, 
and any amplicons present are visualized by exposing the gel to UV light. An 
alternative and vastly more sensitive method, often referred to as Southern blotting 
and hybridization, fixes any amplicons present to a substrate, usually after gel 
fractionation. The double stranded DNA amplicons are then denatured and the 
substrate, usually a nylon membrane, is incubated with a fluorescently dr radioactively 
labeled oligonucleotide probe. The probe specifically hybridizes to a complementary 
sequence of any amplicons present and the amplicons are visualized by detecting the 
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bound probe using either radioactivity or fluorescence detection methods. Thus probe- 
hybridization/PCR offers increased sensitivity and specificity over direct analysis of 
PCR products; however the time (hours to days) and technical requirements of both 
methods of post-PCR product analysis make them unsuitable for NASA's needs. 

Although these gel electrophoresis based methods for post-PCR analysis are in wide 
use in research and diagnostic labs, the techniques are too slow, and labor intensive 
for both NASA’s needs, and to fulfill the promise of PCR as a rapid, highly automated 
diagnostic tool. For gene-based diagnostic technology to work as an effective 
microbial monitor the analysis of post-PCR products will have to advance beyond gel 
separation based methods. Otherwise alternative technologies such as described 
below, that do not rely on PCR, will need to be developed. 

Alternative Gene-based diagnostic methods 

DNA probe-hybridization techniques are under development that should lack some of 
the problems of speed and labor intensiveness characteristic of standard probe- 
hybridization/PCR. NASA has funded two of these efforts via Small Business 
Innovation Research contracts. Both methods rely on hybridization of fluorescently 
tagged oligonucleotide probes to bacterial ribosomal RNA (rRNA) molecules. 
BioTechnica! Resources L.P.'s direct hybridization method can detect 10 4 bacteria in 
about 8 hours. 2 Although the method is simple and low-tech, its sensitivity is unsuitable 
for NASA’s stated needs. Many probe-hybridization/PCR based methods can detect a 
single organism. 3 Genometrix Inc. is developing silicon microchips on which arrays of 
different oligonucleotides probes for rRNA sequences are bound at specific 
addresses. The rRNAs of any bacteria in a sample would specifically hybridize to their 
complementary probe on the microchip. Next, in a second hybridization step, labeled 
oligonucleotide probes would anneal to the bacterial rRNAs already bound to the 
microchip. A charged-coupled device (CCD) detector would then determine which 
locations on the chip had the tagged oligonucleotide attached. Genometrix predicts 
they will be able to detect 1000 rRNA molecules. No amplification is necessary 
because each bacterium contains 100-1000 ribosomes. 4 Although this revolutionary 
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direct hybridization technology is theoretically fast and sensitive enough to meet 
NASA's specifications for bacteria (although not viruses), it is unproven technology 
that may be many years from implementation. When this technology matures, it will 
have several major advantages over PCR based methods. Because it does not require 
amplification of a nucleic acid template, the risk of false positive results due to 
contamination is greatly reduced. Although this hybridization to a silicon chip 
technology would have limited sensitivity for viruses because each virion would have 
only one hybridization target, the method could be used in concert with PCR to allow 
sensitive detection of viruses. 

Analysis of Post-PCR Products: Electrochemiluminescence 

A system for analysis of PCR products has been reported that does not employ the 
standard methods of gel separation of products, or binding to the PCR products to 
filters followed by hybridization with radiolabeled or fluorescent probes. The method is 
based on the incorporation of a biotinylated oligonucleotide as a primer, with the 
inclusion of a labelled oligonucleotide. Oligonucleotides are labeled with an N- 
hydroxy succinimide ester of tris-bipyridine ruthenium (II) dihexafluorophosphate 
(Origen-label) by modifying the 3‘ and 5' ends of the oligonucleotide probes. The 
assay makes use of the inherent thermal stability and absence of polymerase activity 
on such probes to allow the PCR and probe hybridization to be completed 
automatically on the thermocycler. The assay is concluded by the addition of PCR 
samples to streptavidin beads on an electrochemiluminescence analyzer for binding 
and analysis. 

Although electrochemiluminescence is an improvement in post-PCR analytic methods, 
in its current form the method is still cumbersome in that it requires addition of reagents 
after the PCR and the PCR products must be transferred from the cycler to a different 
instrument for analysis. This method, like a similar approach developed by Roche 
Molecular Systems for cystic fibrosis testing called “reverse dot,” 6 although amenable 
to quantitative analysis of PCR products, is insufficiently automated to afford the low 
technician effort NASA will need for monitor microorganisms in space vehicles. A 
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different system for combining PCR and post-PCR product analysis that we believe 
has the potential to meet NASA’s needs for a microbial monitor is described below. 


TaqMan™ PCR 

This is a new method that combines probe-hybridization and PCR while eliminating 
the time consuming steps of electrophoresis and/or blotting of the post-PCR products. 
TaqMan employs a probe technology that utilizes the 5’-3’ endonuclease activity of 
Taq DNA polymerase, 7 to allow direct detection of PCR amplicons by the release of a 
fluorescent reporter during the PCR (Figure 4.1). 10 The trademark TaqMan name is a 


Polymerization p = Reporter 

Forward A - T aqMan Q = Quencher 

Primer n. Probe 



Primer 





Figure 4-1. Taq DNA polymerase activity in TaqMan PCR. In a single cycle of PCR, 
the initial steps are template denaturation and annealing of that denatured DNA 
template with the forward and reverse primers, as well as the tagged TaqMan 
probe(both steps not depicted). After which, the enzyme’s polymerization 
dependent 5’-3’ endonuclease activity frees the reporter dye from the neighbor 
effects of the quencher dye, so it can produce a signal that is proportional to the 
PCR amplification. Cleavage of the TaqMan probe does not affect forward primer 
extension. (Modified from TaqMan™ Reagent Kit Protocol, Perkin Elmer/Applied 
Biosystems). 9 
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oligonucleotide with a 5’ reporter dye, an internal quencher dye, and a 3' blocking 
phosphate. The reporter dye, for which there are three different fluorescein options, is 
covalently bonded to the oligonucleotide's 5' end. A rhodamine quencher dye is 
similarly linked four to thirteen nucleotides 3' to the fluorescein reporter. To prevent the 
TaqMan probe from extending during PCR, there is a 3’ phosphate instead of a 3’ 
hydroxyl group. So long as the reporter and quencher are held in close proximity by 
the oligonucleotide, its fluorescence is quenched, principally by Forster-type energy 
transfer. 10 During PCR, if the TaqMan probe's target is present, the probe anneals 
between the two PCR primer sites. As Taq DNA polymerase extends from the PCR 
primer annealed to the same DNA strand as the probe, its 5’-3’ endonuclease activity 
sequentially digests the probe's nucleotides. Taq DNA polymerase does not digest 
free probe (Figure 4.2). In every cycle, as the probe is displaced from the template, the 
PCR primer extends without interfering with the exponential accumulation of amplicon. 
Thus the reporter dye is liberated from the quencher and can now fluoresce when 
excited. Fluorescence increases in direct proportion to amplification of the PCR target. 
As with all probe-hybridization/PCR, the TaqMan’s specificity is a result of the 



(FAM)/i.em (TAMRA) /. em 

Figure 4-2. Two TaqMan emission scans post PCR, Sample and No Template. The 
reporter dye is 6-CA fluorescein (FAM) and the quencher dye is 6-Carboxytetrame 
rhodamine (TAMRA). (Adapted from the TaqMan™ Reagent Kit Protocol, Perkin 
Elmer/Applied Biosystems). 9 
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requirement for primer and probe complementarity to the target DNA before any 
amplification and probe cleavage take place. Unlike other probe-hybridization/PCR 
methods, TaqMan PCR has no laborious post-PCR product analysis steps. The entire 
reaction takes place in a single tube, and everything happens at once. The samples 
and reagents are mixed, sealed in a reaction tubes, and then placed in a thermal 
cycler for amplification. To enhance specificity and minimize the risk of carry-over 
contamination the method employs the hot start method and UNG/dUTP. 11 In the 
system’s present version at the conclusion of the PCR, aliquots of the amplified 
samples are transferred to microtiter plates for analysis in a luminescence 
spectrometer. Detection of all 96 wells takes only 7 minutes. The assay’s results are 
expressed as the comparison of the increase in reporter dye fluorescence with that of 
a no template control. The ratio of reporter fluorescence to quencher fluorescence in 
the sample and no template control, ARQ, is proportional to the number of DNA 
templates in a sample. 12 

TaqMan is a great leap in PCR technology. It has to major improvements over gel- 
based post-PCR analytic methods, and both of these advances are essential to . 
meeting NASA’s needs for a microbial monitor for the ISSA. 

• Samples are analyzed directly and in just a few seconds, as opposed to being 
transferred to a gel and eiectrophoretically analyzed. 

• TaqMan is an inherently quantitative technique. Within a range of template 
concentrations, the TaqMan signal will be proportional to the amount of template 
present. Thus the number microorganisms in a sample can be quantitated. 

In its present format, the TaqMan system requires that samples be manually 
transferred from a thermal cycler, where the PCR amplification is performed, to a 
fluorescent plate reader for analysis of the reactions. The next generation of TaqMan 
instrumentation, which Perkin Elmer/Applied Biosystems will begin field testing in the 
next year, can analyze samples directly in the PCR tube, thus eliminating the need for 
sample transfer. Additionally, because the next generation machine can analyze 
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samples in the reaction tubes, the progress of the PCRs can be monitored after each 
thermal cycle. This will improve the quantitative effectiveness of the instrument, 
because when a PCR template is present at high concentration during later cycles of a 
PCR, as reagents are consumed in the reaction, the efficiency of the PCR declines. 
Monitoring of the amplicon accumulation after each cycle permits template quantitation 
during the linear phase of the PCR. 

% 

The current TaqMan system being marketed by Perkin Elmer/Applied Biosystems 
consists of a thermal cycler, a fluorescent plate reader, and a dedicated computer. 
The next generation TaqMan instrument is even larger, and has significant power 
requirements. Because of the space and power limitations on ISSA the monitor must 
be small and energy efficient. Efforts at creating smaller instruments for gene-based 
diagnostics using microfabricated devices are ongoing in a number of laboratories. 4 

Microfabricated DNA Analysis System 

A prototype miniaturized PCR thermal cycler was developed by researchers at 
Lawrence Livermore National Laboratory (LLNL) in conjunction with Roche Molecular 
Systems and Perkin Elmer/Applied Biosystems. 13 ' 14, 15(A PP endix c > Fabricated on a 3 inch 
by 5 inch Plexiglas platform, the unit consists of up to three PCR reaction chambers, a 
thermocouple converter chip reaction controller, and 4 nine-volt batteries to run the 
heaters and the control electronics. The reaction micro-chambers, made from an 
anisotropic etched silicon cavity with one or two medium low stress silicon nitride 
membrane windows, are typically 5 to 10 mm 2 , 0.5 mm deep, and contain embedded 
polysilicon resistive heaters. The windows are designed for use in detection of PCR 
products. This device has been used to detect cystic fibrosis causing mutations on 
human DNA in a multiplex reaction simultaneously amplifying segments from eight 
different targets on the human genome. M. Allen Northrup, principal investigator of the 
LLNL group, envisions this technology evolving into a hand held PCR system that can 
take a sample, perform the PCR thermal cycling, and then analyze the sample by 
monitoring micro-electrochemiluminescence through the silicon nitride membrane 
windows in the reaction micro-chambers. His group has built a real-time fluorescence 
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monitoring system that uses laser excitation and CCD camera surveillance of the PCR 
progress. In collaboration with Dr. Rosemary Smith, of the University of California at 
Davis, the LLNL researchers are exploring the use of electrochemiluminescence with 
ruthenium labeled oligonucleotide probes 5 as a method to assay PCR amplification in 
the reaction tube. Ultimately, instruments consisting of large arrays of as many as 
1000 individually controlled reaction chambers could be built. Northrup’s January 
1995 report to the Advanced Research Projects Agency (ARPA) is included with this 
report as Appendix C. 
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Section 5. 

Possible Methods of Avoiding False-Positive Results Due to the 
Detection of Dead Organisms or Free DNA. 

Unlike culture based microbial diagnostic assays, which function by detecting an 
increase in the number of whole organisms or virions, PCR can amplify intact DNA 
from a living bacterium or infectious virion as effectively as from a dead microbe or 
even from solubilized DNA. Sixteen weeks after being killed by boiling, £ coli can be 
detected by PCR as effectively as before inactivation . 1 This limitation of gene based 
monitoring might be addressed in several different ways that could meet NASA’s 
needs for monitoring water quality on spacecraft. 

• Determine if PCR targets from nonviable microorganisms elute from the ISSA water 
reclamation system. 

• Determine if microbial monitoring could be based on the observation of population 
growth changes in the ISSA water collection tanks. 

• The PCR target could be short lived molecules of messenger RNA (mRNA) instead 
of DNA. 

• Evaluate the use of vital dye staining, which would determine how many bacteria, 
fungi, or protozoans are respiring in a sample, in concert with PCR based assays. 

Do nonviable organisms elute from the ISSA water reclamation system? 

Although we know PCR is blind with respect to whether organisms are alive or dead, 
we do not know if or how long the DNA from organisms inactivated by the MSFC water 
reclamation apparatus can still be amplified by PCR. That water reclamation system's 
penultimate step in generating potable water is a catalytic oxidation system. Designed 
to completely oxidize any organic molecules that have made it past the upstream 
components of the water reclamation system (mixed bed resins provide growth media 
for many bacterial species), the catalytic oxidation system should completely 
mineralize soluble nucleic acids. 2 Nonetheless, previous PCR analyses of MSFC 
reclaimed water detected more species of bacteria than were found using culture 
based methods . 3 That suggests the PCR assays detected a great many nonviable cells 
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or DNA released from lysed cells; however, that result could be due to the greater 
sensitivity of PCR based assays relative to culture and the fact that many 
microorganisms when handled roughly are viable but not culturable (notably 
Legionella sp. 4 ). 

A recent test of the capacity of the MSFC water reclamation system to eliminate 
infectious viruses may have laid the groundwork to address the issue of nonviable 
microbes passing through the system as intact PCR targets. In January 1995, MSFC 
Chief Microbiologist, Ms. Monsi Roman, and Dr. Christon Hurst of the U. S. 
Environmental Protection Agency conducted a test in which they added a mixture of 
=1 0 8 plaque forming units of four different bacteriophages into the water reclamation 
system intake. During 5 days of system operation, no infectious bacteriophage eluted 
from the system’s clean water ports. 5 To date those samples have only been tested in 
infectivity assays. Ideally, PCR should be used to analyze those samples for 
bacteriophage DNA/RNA. Because the nucleotide sequences of all of the 
bacteriophage used have been published, it should be possible to develop effective 
PCRs to answer this question. If phage genomes are detected in the clean water in the 
absence of infectious particles then there is proof that nonviable organisms/viruses 
passing through the system can generate a false positive result for contamination. 
Thus any gene based assay system will be to some extent blind as to whether any 
virus detected is viable or nonviable. If no detectable bacteriophage is found in the 
clean water by PCR, one can still not rule out the possibility that the mixed bed resins 
in the system so retarded the virus that in the short test of 5 days, no bacteriophage 
had time to complete passage through the system. The experiment outlined below 
addresses that possibility. 

Are intact target nucleic acid sequences are available for PCR amplification from or in 
nonviable cells and virions after passage through the MSFC water reclamation 
system’s catalytic oxidation stage? Different bacterial, viral, protozoan, and fungal 
samples could be exposed to the system’s multiple disinfection procedures, i.e. heat, 
250°F for 20 minutes, and/or the 2 ppm iodine imparted to the water by the system’s 
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microbial check valves . 3 One would need to investigate a variety of microbes because 
different species may respond differently to the inactivation treatments. This could be 
the result of differences in cell wall or capsid structure or it could be a function of the 
size of the PCR amplicon . 6 The genomic templates for large amplicons may be more 
susceptible to damage as a result of germicidal treatment than small templates due to 
the random nature of the effects of germicidal treatment. After either or both of those 
treatments the samples would be passed through the catalytic oxidation stage of the 
water reclamation system and the resulting water would be analyzed by both PCR and 
culture. Aliquots of the microbial samples should be analyzed by PCR before the heat 
and/or iodine treatments and between heating/iodination and catalytic oxidation. The 
PCR data from the three different stages of the water decontamination process would 
show the extent to which nonviable microbes can be detected by PCR after passage 
through the MSFC water reclamation system. 

Can microbial growth be monitored as a way of bypassing false positive PCR 
results? 

If nonviable microbes contribute significantly to the amount of DNA amplified by PCR 
of water samples from the MSFC water reclamation system, we would suggest 
attempting to use a PCR based microbial monitoring system for analysis of recycled 
water for pathogens to focus on changes in microbial concentration with time that are 
indicative of increasing populations in the processed water collection tanks. This 
analysis of microbial population growth approach should work despite the indefinite 
lifetime of nucleic acid sequences in nonviable cells as demonstrated by Josephson, 
et a /. 1 Although there would be a continual influx of low levels of nonviable cells from 
the water reclamation system, use of the recycled water should result in a continual 
outflow of the nonviable cells. Thus the contribution of the dead organisms to the 
estimated microbial load of the collection tank should reach a steady state. Only the 
presence of microbial growth in the tank should disturb that equilibrium. Obviously, this 
approach would not work for analysis of viruses because they are obligate parasites 
and cannot replicate outside of their hosts. 
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mRNA instead of DNA as a PCR target 

One of the main reasons PCR cannot distinguish between viable and non-viable 
organisms is the great stability of DNA. There is another potential gene target 
molecule that is much more fragile and short-lived called mRNA. The half life of E. coli 
mRNA is only 30 minutes in a living organism, and presumably much shorter in a dead 
organism. Similarly, soluble RNA is rapidly degraded in environmental waters and 
thus is In a pre-PCR step, mRNA can be enzymatically copied using reverse 
transcriptase. 7 The combination of reverse transcription and PCR, called RT-PCR, has 
been successfully used to detect mRNA in both eukaryotes and bacteria, and in fact is 
the only way to detect viruses with RNA genomes such as polio, rotaviruses, and 
Norwalk viruses. Detection of a short-lived molecular species that can only be made 
by viable microorganisms would theoretically be the same as detecting only viable 
organisms. 

Unfortunately, at least for bacteria, this would be much more difficult than standard 
PCR. Although RT-PCR would be required for the detection of RNA viruses (influenza 
and Norwalk for example), the additional effort might not be feasible or practical 
bacteria. The half life of mRNA would need to be determined for each species 
analyzed, along with the average concentration of target mRNA in each cell. 
Additionally, it would be necessary to eliminate any potential DNA templates in a 
sample using DNA specific nucleases, and that step could prove to be very difficult. 

Several research groups have investigated the possibility of using an RT-PCR 
approach to discriminate between viable and non-viable microorganisms, however no 
one has developed an assay that works yet. Dr. Ian Pepper, at the University of 
Arizona, and Dr. Asim Bej, at the University of Alabama at Birmingham, have both 
been able to detect bacterial mRNA; however neither see the technology as a method 
of detecting only viable organisms 1,8 ' 9 ' 10 Scientists at Perkin-Elmer’s Applied 
Biosystems Division said they had experimented with RT-PCR as a tool to screen for 
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viable bacteria and had abandoned the effort because they felt it could never be made 
to work. 

Vital dye staining as a complement to PCR for discrimination of viable organisms. 

It may be possible to use vital dyes to detect the presence of live bacteria and 
protozoa. Vital dye staining is an established technology that could be coupled with 
the TaqMan PCR (section 4). Thus one could estimate the total number of respiring 
microorganisms in a sample with the vital dyes, as well as speciate and enumerate the 
viable and the nonviable microorganisms present using TaqMan PCR. The TaqMan 
PCR detection system's LS-50B fluorescent plate reader would analyze both the vital 
dye samples and the TaqMan PCRs. 

Viability staining could be achieved through the use of several vital dyes to determine 
which is most suited to these investigations. Potential dyes include the redox dye 2-(p- 
iodophenyl)-3-(p-nitrophenyl)-5-pheny!tetrazolium chloride (INT), 5-cyano-2,3-ditolyl 
tetrazolium chloride (CTC), and acridine orange to directly observe respiring 
microorganisms. In the case of INT the reducing power of the electron transport system 
converts INT into insoluble INT-formazan crystals that accumulate in metabolically 
active bacteria. 11 Microscopically the INT-formazan deposits are observed as red 
deposits under bright field microscopy. The INT method has been successfully 
combined with the acridine orange direct count method to simultaneously enumerate 
total and viable bacterial concentrations. 12 A method developed by Kogure, et al.,' 3 
also allows for the simultaneous enumeration of both total and viable cells. This 
method utilized nalidixic acid, a gyrase inhibitor, and yeast extract as a nutrient source. 
The nalidixic acid prevents cells from dividing while they continue to metabolize the 
yeast extract and enlarge, dead cells will be unable to utilize nutrients and remain 
"normal-size". However, there are a number of problems with this method. For 
example, not all cells are sensitive to the effects of nalidixic acid and not all cells are 
capable of utilizing yeast extract as a food source. In addition the metabolic rate of 
microbial pathogens varies which may cause some cells to swell to various sizes 
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making enumeration difficult. Finally, some bacteria such as Legionella are resistant to 
the effects of nalidixic acid, therefore the Kogure method is not a viable option. 13 

Recently a fluorescent redox dye, 5-cyano-2,3*ditolyl tetrazolium chloride (CTC), has 
successfully been used to directly visualize actively respiring bacteria. The oxidized 
CTC dye is almost colorless and nonfluorescent, however once the dye is reduced via 
the electron transport system, it becomes fluorescent, insoluble CTC-formazan 
compound that accumulates intracellularly. 14 Based on published studies with other 
microorganisms, the dye should provide valuable viability information that would 
complement the PCR data. 
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Section 6. 

Current and Projected PCR Quality Control Techniques. 


A critical aspect of a PCR based microbial monitor will be a set of quality control 
measures. Methods must be in place that will insure the following: 

• That the assay is functioning according to specifications. 

• That reagents are prepared, aliquoted, and stored so that the microbial monitor 
can function effectively throughout long space missions. 

• That samples are not contaminated with microbes from outside of the water 
reclamation system or with PCR amplicons from earlier reactions resulting in 
false positive results. 

The first two items on this list should be easily attainable. Development of effective 
internal control reactions has been done for other microbial detection assays; 
adaptation of that technology to NASA needs should be straightforward. Methods have 
been reported that would permit long term storage of reagents that have been assayed 
and aliquoted so that only the sample and water would need to be added prior to 
assay. Unfortunately, the problem of false positive results due to contamination may 
prove to be one of the most difficult aspects of developing a PCR based microbial 
monitor. Diagnostic PCR labs strive to avoid contamination problems through devotion 
to fastidious technique and laboratory practice as well as through a number of 
structural and procedural safeguards (Table). Any PCR based instrument used to 
monitor microorganisms aboard the ISSA will need to incorporate these procedures 
into the systems design. 

Table. Guidelines for the operation of a PCR laboratory . adapl<Kilrom1 

• Establish separate pre- and post-PCR work areas with dedicated supplies and reagents. 

• Carefully plan experiments: do not enter the pre-PCR area after handling amplicons or target 
DNA. 

• Use plugged pipet tips or positive -displacement pipettes. 

• Use aliquots of all reagents to limit handling. 

• Incorporate enzymatic or chemical methods to control amplicon carryover. 

• Always use a low-copy number (10-50 templates per PCR) of positive controls, a large 

number of negative controls, and reagent controls with every amplification. 
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Control reactions to confirm PCR effectiveness. 

A positive control will be incorporated into every sample to insure the PCR worked 
properly. Reactions could fail because of contamination of the sample with inhibitors, 
degradation of one of the enzymes or other reagents, or problems with the instrument. 
An effective internal positive control that is designed to generate a fixed amount of 
PCR amplicon can provide a quantitative assurance that the PCR system and 
individual reaction are performing to design specifications. * 

Included in the reagents used for each PCR will be 10-50 copies of part of the human 
3-actin gene, as well as primers and a TaqMan probe that will generate and allow 
monitoring of the synthesis of an amplicon from the human (3-actin gene. 23 Although 
several different genes are commonly used as an internal positive control molecules, 
Perkin Elmer Corporation developed the TaqMan system with the intent of using the 3- 
actin gene for that purpose. As mentioned previously, the TaqMan system can do 
multiplex PCR because there are three different reporter dyes for labeling probes. 
Thus every PCR tube will contain two TaqMan probes specific for different 
microorganisms or groups of microorganisms, plus a probe specific for the 3-actin 
amplicon. Each of the three probes will be labeled with a different reporter dye. 4 

In addition to the positive controls, every set of PCRs would also include a number of 
negative controls. Negative control reactions are necessary for confirmation that PCR 
amplicon carry over is not generating false positive results and to serve as a baseline 
value for the TaqMan system. With TaqMan each sample being assayed has two 
tubes containing only the reagents and no sample. Thus, if the ISSA microbial monitor 
assays for 20 different microorganisms or groups of microorganisms in 10 multiplex 
PCRs, then an additional 20 negative control PCRs will be required also. 

Reagent storage 

To simplify the microbial monitor, it will be critical that most reagents be'prepared and 
aliquoted on earth and then stored, potentially for months or years, until needed. In its 
current configuration, the TaqMan system is designed to assay samples in a 96-well 
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tray format. Although a full 96-well tray would not be needed to analyze water 
samples for 20 different kind of PCR targets, NASA should design its PCR based 
microbial monitor to use a multi-well tray. Reagents could be pre-loaded into multi-well 
trays on earth so that enzymes, primers and dNTPs are segregated until the reaction is 
heated, thus preventing reagent degradation due to PCR reactant assembly and 
storage prior to thermal cycling. One method for accomplishing this is encapsulation of 
subsets of the PCR reagents in special agarose beads so that they can be stored for 
long periods of time. 5 G. K Smith, of the University of Houston, believed his 
microencapsulation methods could be refined to meet the PCR reagent storage needs 
of an ISSA microbial monitor. 6 

By pre-encapsulating aliquoted amounts of all the components of the PCR except the 
sample to be assayed , the quality control criteria for diagnostic PCR can largely be 
addressed. A method and instrumentation will need to be developed to transfer the 
samples to be analyzed from the filtration system (see Section 2) to a multi-well tray. 
Perhaps a 10-filter manifold (one filter for each multiplex PCR) could be used to insert 
filters directly into the multi-well tray containing the reagents prior to thermal cycling. 
For this to work, procedures would need to be included to release of the DNA or RNA 
form any microorganisms on the filters without damaging the PCR reagents. Two of the 
most simple methods for liberation of the nucleic acids from bacteria and viruses prior 
to PCR are boiling and repeated cycles of freezing and thawing. 

Control of carry over contamination that could yield false positives. 

The sensitivity advantage that PCR contributes to the detection of microorganisms can 
also potentially be a major disadvantage. Previously amplified DNA that is replication 
competent can be carried over and can serve as a template in later amplifications, 
resulting in false positives. The capacity of single molecule amplification requires 
special methods be used to insure accurate results. Several approaches utilizing 
either chemical or enzymatic methods to minimize PCR product carryover have been 
described. 7 Analysis and comparison of these methods indicates the most effective 
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method for spacecraft use uses uracil N-glycosylase (UNG) to degrade any 
contaminating PCR amplicons present in a reaction before the onset of PCR. 

UNG is an E. coli enzyme that modifies DNA containing uracil so that it can later be 
degraded by heating. By substituting dUTP for dTTP in the PCR, the resulting 
amplicons are susceptible to UNG degradation. 8 A 2 minute incubation at 50° is 
sufficient to modify any contaminating amplicons as well as any mis-primed or non 
specific products produced prior to specific amplifications, but not degrade native 
nucleic acid templates. At the end of the 2 minute treatment a 10 minute incubation at 
95° completes the degradation of uracil containing DNA, inactivates the UNG, and 
denatures the template DNA prior to thermal cycling. The procedure actually enhances 
the quality of the PCR by eliminating any misprimed reaction products that result from 
the primers annealing incorrectly to templates at low temperature during the mixing of 
reagents prior to thermal cycling. 9 
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Section 7. 

Prediction and Analysis of PCR Primers and TaqMan Probes for the 
Detection of Microorganism Contaminants in Environmental Samples 

Detection of microbiological organisms contaminating environmental samples using 
TaqMan PCR technology will require primer and probe oligonucleotides to be defined 
for each organism or group of organisms to be detected. The basis of primer and 
probe definition is through analysis of available genomic sequence data for the 
organisms in question. Following the initial step of constructing a list of organisms to 
be detected, genomic sequences for these organisms are obtained from sequence 
databases, and then analyzed using parameters appropriate for designing functional 
primers and probes. All of these steps are computer-based, and result in a library of 
primer and probe oligonucleotide sequences that have the potential of providing 
relatively specific and sensitive detection of the desired microorganisms. While use of 
computers for oligonucleotide design can greatly facilitate construction of an oligo 
library, these primers and probes will need to be tested empirically in the laboratory to 
ensure that they work “as advertised”. If not, additional oligo sequences will need to be 
defined. A reiterative process of computer prediction and laboratory testing is the most 
efficient means available for deriving the basic library of oligonucleotides necessary 
for environmental monitoring. 

Below we discuss some of the considerations that are involved in the process of 
primer and probe prediction. These include determination of sequences to be 
detected; computer analysis of these sequences prior to oligo prediction; and analysis 
of the resulting oligonucleotide library. These methods were then used to predict 
primer and probe combinations for both a prokaryotic and eukaryotic data set of 
potential microorganism contaminants. 

Genomic Sequences to be Detected 

Choice of the particular genomic sequence to be detected is the first critical step in the 
process of primer and probe design. A wrong choice can lead to high background 
levels-low specificity (e.g., detection of normal microbiological flora) and low 
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sensitivity (failure to detect the desired organism). It has been estimated that the 
determination of the total diversity of microorganisms in environmental samples using 
culturable plate counts greatly underestimates the true level of diversity by over 90% 
(Amann, et al., 1995). These authors propose that using methods based upon 
detecting the presence of ribosomal RNA genes, a much more accurate analysis of the 
true levels of microorganism diversity can be obtained. The same reasons that make 
ribosomal RNAs useful in a study of microbiological diversity make them a good 
candidate for detection in a PCR-based environmental monitor. 

Ribosomal RNA Genes 

Ribosomal genes are universally present in the cells of all living organisms since they 
are critical to the process of protein synthesis. Ribosomes consist of two subunits that 
contain a combination of protein and structural RNAs. The sequences of the large 
subunit ribosomal RNA and in particular the small subunit ribosomal RNA (ssu rRNA) 
have been determined for a large number of different prokaryotic and eukaryotic 
organisms. The availability of these sequences has allowed a significant amount of 
work to be done in analyzing the biological features and evolution of these sequences 
between different species (Hillis, et al., 1991; Neefs, et al., 1991). The properties listed 
below contribute to the usefulness of these genes for detection of environmental 
contaminants: 

• Sequences are present in all living organisms 

• Genes contain multiple genomic copies undergoing concerted evolution 

• Sequences have undergone variable rates of evolutionary change 

• Primers and probes can be defined for hierarchical detection of microorganisms 

• Sequences and alignments for most organisms are currently available through the 
Ribosomal Database Project (RDP) (Maidak, et al., 1994) and Genbank (National 
Center for Biotechnology Information-National Institutes of Health) 

Having available such a large database of genetic sequence information for such a 
broad range of organisms allows a thorough analysis of the potential specificity of any 
potential primer and probe combination. Oligonucleotides can be designed with low 
specificity, but high sensitivity allowing detection of a broad range of organisms using 
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a single “universal probe”. Alternatively, primer and probe combinations can be 
designed that are very specific, detecting the presence of only one particular 
pathogen. This provides the capability to design hierarchical probes that initially 
screen for gross contamination by microorganisms using universal probes, and then, if 
such contamination is present, the sample can be screened for the presence of 
particular pathogens using very specific primer and probe combinations. This 
technique has already been demonstrated using probes derived from small ribosomal 
RNAs that are designed to detect pathogenic bacteria in cerebrospinal fluid (Greisen, 
et al., 1994). 

The property of these RNAs that provides this capability to detect either broad groups 
or specific organisms is the variable rates of evolution that these sequences have 
undergone over time. Certain regions of the ribosomal RNA genes have remained 
relatively conserved among species (probably due to functional constraints), while 
other regions show high variability when sequences from different species are 
compared (Hillis, et al., 1991). These regions have been mapped and correspond to 
specific regions of the predicted secondary structures of these molecules (Neefs, et al., 
1991) (See Figures 7. 1-7.4 below). This variable rate of evolutionary change can be 
exploited for primer and probe design purposes. The highly conserved regions are 
used to construct universal, or genus-specific probes, while the variable regions 
provide the necessary specificity to construct species-specific probes (Greisen, et al., 
1994; van Kuppeveld, et al., 1992). 

Other genes for PCR-based detection 

While small ribosomal RNA genes can be used to detect a broad range of organisms, 
it may be useful to design probes based upon other genomic sequences. Detection of 
particularly pathogenic organisms may be best accomplished by designing probes to 
detect the genes specifically involved in the pathogenic mechanisms of these 
organisms. Examples are the toxin genes in strains of Shigella and E. coli (Stacy- 
Phipps, et al., 1995; Read, et al., 1992; Yavzori, et al., 1994; Sethabutr,' et al., 1993). 
These authors have used PCR primers and oligonucleotide probes to detect the 
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presence of a number of the different toxin genes that have been identified in various 
strains of these species. 

Another reason for utilizing non-rRNA sequences for PCR-based detection schemes, 
is that the ribosomal RNAs of several species have either not been sequenced, or 
sequenced to a limited extent. Currently, rRNA sequences for several Klebsiella, 
Shigella, and Salmonella species among others are absent or incomplete. Inclusion of 
primers and probes for these species using the ssu rRNA scheme will be dependent 
on new sequence information as it becomes available. Detection of these organisms 
will generally need to be based upon other species-specific gene sequences that are 
in the database; though the evolutionary history of these organisms does predict that 
they should be detectable by at the very least, the universal primer and probe sets, 
and possibly by some of the more specific primer and probe combinations (e.g. 
Shigella, Salmonella, and possibly Kelbsiella species should be detectable by the 
Enteric probe described below due to the close relatedness of these organisms to E. 
coh). 

Currently several organisms are detected in PCR-based assays using probes not 
based upon ribosomal RNAs. Two examples are detection of Legionella pneumophila 
(Paszko-Kolva, et al., 1995) and enterotoxigenic E. coli. (Stacy-Phipps, et al., 1995). 
When appropriate, comparisons will need to made empirically to test the specificity 
and sensitivity of detection using these currently defined primers to newly defined ssu 
rRNA-based primers and probes. 

Finally, viruses, which have no ribosomal RNA genes since they utilize the host cell’s 
protein synthesis machinery, need to have a separate library of primers and probes 
designed for their detection. Primers and probes have already been defined and 
tested for most of the viruses that would need to be in an environmental monitor. 

These include the enteroviruses (Straub, et al., 1994), adenoviruses (Rousell, et al., 
1993), rotaviruses (Sethabutr, et al., 1992) and Norwalk virus (DeLeon, et al., 1992; 
Jiang, X. et al., 1992). 
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Primer and Probe Prediction 

Using the list of organisms discussed in Section 1, the process of designing primers 
and probes proceeded as follows: 

• Sequences were obtained from both the RDP and Genbank Databases 

• Sequence alignments from the RDP were refined, and new sequences were added to the 
alignments 

• Evolutionary relationships between the organisms were inferred based upon the aligned 
ssu rRNA sequences, and a rough evolutionary tree was constructed 

• The organisms were grouped into a detection hierarchy 

• Conserved and variable regions within the aligned genes were mapped 

• Primer and probe sequences were determined based upon the sequence conservation 
necessary to detect the desired group of organisms 

• These primer and probe combinations were analyzed by computer programs for the 
desired primer and probe characteristics consistent with optimum TaqMan-PCR 
detection 

As a final critical step, these primers and probes must be tested in the laboratory to 
ensure that the computer-predicted characteristics actually result in a reliable 
detection system. This process is designed to provide the most efficient means of 
combining computer analysis and laboratory testing to establish a library of primers 
and probes. Each of these steps is described in more detail below, along with the 
results. 

Desired Primer and Probe Characteristics 

To design primers and probes that will be optimized for TaqMan-based PCR detection, 
it is necessary to follow a number of guidelines for probe design. These guidelines 
attempt to ensure that the desired sensitivity, specificity, primability, and overall 
usefulness of the oligonucleotides are optimized for the established reaction 
conditions. Some of the parameters that are known to be important in PCR primer 
design are as follows (McPherson, et al., 1992): 

• Specificity for the desired target 

• Appropriate melting temperature (formation of stable duplexes) 
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• Lack of internal secondary structure (dimers and hairpin loops) 

• Lack of secondary structure formation with other primers and probes 

• GC content between 40 and 60% 

• Avoidance of long runs of a single base 

and these additional parameters for TaqMan probe design (Livak, et al., 1995): 

• No G at the 5’ end 

• Add a T at the 3’ end if not normally present for attachment of the TAMRA quencher 

• Located from 1 to 100 bases to the 3’ end of the PCR primer 

• Melting Temperature at least 5° C higher than the PCR primers 

Computer analysis was used to screen potential PCR primer pairs and TaqMan 
probes to ensure compliance with the above criteria. 

Data Analysis 
Data collection 

As indicated above, the basic genomic sequence information necessary for this project 
is available through databases that provide public Internet access to the desired 
sequence data. The Genbank database is the main US repository for sequence data. It 
is maintained by the National Center for Biotechnology Information (NCBI) under the 
auspices of the National Library of Medicine, a part of the National Institutes for Health. 
We maintain tools for searching and retrieval of sequences from this database, as well 
as maintaining a local copy of the complete database for internal use. In addition, the 
Ribosomal Database Project (RDP) at the University of Illinois (Maidak et al., 1994) 
maintains a subset of this database pertaining to ribosomal RNA sequences. This 
database includes pre-aligned sequences and predictions of evolutionary 
relationships that greatly facilitate using this information for primer and probe 
prediction. Genbank and RDP data were obtained through anonymous FTP. 


Section 7 - Page 6 



PCR-based Microbial Monitor 


Sequence Analysis 

General sequence analysis tools are provided by a comprehensive package of 
sequence analysis programs published by the Genetics Computer Group (GCG) of 
Madison, Wisconsin (Devereux, 1994). This package has tools that allow simple 
pattern recognition, multiple sequence alignment, evolutionary analysis, and most 
other programs necessary for sequence analysis. This package provided the basic 
core of analysis tools used in this project. 

Evolutionary analysis 

In addition to the GCG programs, several other programs were used for evolutionary 
analysis of aligned sequences. These include Clustal (Higgens, 1991); Phylip 
(Felsenstein, 1994); and Phylogenetic Analysis Using Parsimony (PAUP) (Swofford, 
1993). Evolutionary analysis of the sequence information was an important step in 
determining which groupings of microorganisms can be effectively detected with a 
single primer and probe combination. 

Primer/Probe analysis 

Prediction and analysis of PCR primers and TaqMan probes was accomplished using 
the OLIGO program from National Biosciences, Inc. (Wojciech, 1994). This program 
predicts and analyzes oligonucleotides that satisfy the criteria outlined above for 
optimal PCR and probe characteristics. 

Primer and Probe Prediction 

Listing of organisms to be detected 

The microorganisms listed in table 7.1 formed the basic data set from which a series of 
PCR primers and TaqMan probes were derived for environmental monitoring. This list 
of organisms does not include all of the organisms indicated in section 1 as being 
desirable for detection. This is due to the lack of ssu rRNA sequence information for 
some microorganisms. As additional sequence information becomes available, 
additional organisms can be analyzed using the procedures followed below. Never- 
theless, contamination by many of the organisms not listed (such as Klebsiella 
pneumoniae , and Shigella species) should be detectable by the universal PCR 
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primers and TaqMan probes listed below. In addition, references were provided above 
for the detection of additional organisms, including viral contaminants, using PCR and 
probe-based methods not dependent on rRNAs. 


Table 7.1. Microorganisms Analyzed 


Prokaryotic 


Organism 

Abbreviation 

Ac/nerobacrer 


Alteromonas 

* 

Bacillus coaaulans 

B-coaqu 

Burkholderia cepacia 

Bur-ceo 

Burkholderia pickettii 

Bur-pick 

Corvnebacterium 


Enterococcus avium 

Eco-avi 

Entercoccus faecium 

Eco-fcm 

Enterococcus faecalis 

Eco-fae 

Escherichia coli 

E-coli 

Lepionella pneumophila 

Lea-pne 

Listeria 

★ 

Micrococcus luteus 

Mic-Luteus 

Mycoplasma fermentans 

M-ferme 

Mycoplasma hominis 

M-homin 

Mycoplasma pneumonia 

M-Pneum 

Pseudomonas aerupinosa 

Ps-aeru 

Salmonella cholera 

S-chole 

Salmonella dublin 

S-dubli 

Salmonella enteritidis 

S-enter 

Salmonella paratyphi 

S-parat 

Salmonella tvphi 

S-tvphi 

Staphylococcus aureus 

Stp-aureus 

Staphylococcus epidermidis 

Stp-epider 

Staphylococcus haemolvticus 

Stp-haemo 

Staphylococcus hominis 

Stp-homin 

Staphylococcus saprophyticus 

Stp-saprop 

Staphylococcus warned 

Stp-war 

Streptococcus bovis 

Stc-bovis 

Streptococcus epuinis 

Stc-equins 

Thiobacillus ferrooxidans 

Thb-fer 

Ureaplasma urealvticum 

Upl-ure 

Vibrio cholerae 

V-chole 

Vibrio parahaemolvticus 

V-parah 

Vibrio vulnificus 

V-vuini 
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Eukaryotic 

Organism 

Abbreviation 

Aspergillus fumigatus 

Asp-fuki 

Candida albicans 

Cnd-albc 

Cryptosporidium parvum 

Crp-parv 

Cryptococcus neoformans 

* 

Entamoeba histolytica 

Ent-hist 

Girardia lamblia 

Gir-lamb 


* These organisms are not displayed in the sequence alignment or 
analyzed for Figure 7.4 (see below), but were analyzed for detectability 
using the primer and probes oligonucleotides indicated in Table 7.2. 


Alignment 

The sequences of the ssu rRNAs for these sequences were obtained from the RDP 
and Genbank databases. These sequences were reformatted as necessary for use in 
subsequent analyses. The RDP also provided sequence alignments and evolutionary 
trees for these RNAs. Where necessary, these alignments were refined, and additional 
sequences added that were not present in the RDP database. Programs in the GCG 
package were used for these purposes. 


The alignment of the ssu rRNA sequences is shown in Figures 7.1 (prokaryotic) and 
7.2 (eukaryotic). Gaps have been introduced into the sequences to account for 
evolutionary changes due to insertions and deletions into sequence lineages. Gaps 
are represented by dashes. Also shown are the positions of the variable regions that 
are interspersed with more conserved sequences as these RNAs evolved (see below). 
The positions of the predicted set of PCR primers and TaqMan probes is also shown 
(see below). The eukaryotic alignment includes Human and E. coli ssu rRNA 
sequences for reference purposes. 

Ribosomal RNA Secondary Structure and Sequence Conservation 

As discussed above, one of the features of ssu rRNAs that make them particularly 
suitable for environmental monitoring are the conserved and variable sequence 
features that are interspersed throughout these genes (Hillis, et al., 1991; Neefs, et al., 
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1991) . These RNAs must form secondary and tertiary structures to function as 
components of the protein-synthesizing ribosomes. Certain features of these RNAs 
must be maintained for functional purposes, while other features need not be strictly 
conserved, and can vary. This results in alternating patterns of conserved and variable 
domains seen when comparing ssu rRNA sequences from different species. Figure 7.3 
shows the predicted secondary structure for the E. coli ssu rRNA, and the conserved 
and variable region domains. Conserved features can be utilized to derive universal 
PCR primers and TaqMan probes that will bind to, amplify, and detect ssu rRNAs from 
a wide variety of organisms, while additional TaqMan probes can be designed from 
the more variable regions that would be very specific and detect only one particular 
species. 

Figure 7.4 is a graph showing the extent of evolutionary change for three separate 
groups of sequences. The top, blue shaded graph is for the alignment of all of the 
prokaryotic organisms indicated in table 7.1. The middle, pink shaded graph analyzes 
the gram-negative organisms from the above list, and finally, the bottom, yellow 
shaded graph shows the similarity among the Mycoplasma species. To generate this 
data, the aligned set of sequences were grouped according to their evolutionary 
relationships (see below), and then the program MacClade (Maddison and Maddison, 

1992) was used to calculate the extent of evolutionary change at each position in the 
sequence alignment. The Y-axis is proportional to the number of sequence changes 
that have occurred at each alignment position as these sequences (organisms) have 
diverged over the course of evolutionary history. The greater the divergence, the 
greater the number of evolutionary changes, and the higher the value seen on the Y- 
axis. As can be seen, as the set of organisms analyzed is reduced to those that' are 
more closely related, the extent of sequence identity and evolutionary conservation 
increases. Never-the-less, the variable rates of evolution can be clearly seen even 
among just the mycoplasma group by noting the interruption of highly identical 
(conserved) regions with extremely variable regions. This information 'provided the 
basis by which the location of potential PCR primers and TaqMan probes were 
determined that could be used to detect specific groupings of organisms. 
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Sequence Evolution 

The sequence alignments in Figures 7.1 and 7.2 were used to construct the 
evolutionary trees in Figures 7.5 (prokaryotic) and 7.6 (eukaryotic). These trees show 
the evolutionary relationship between these organisms as calculated by Maximum 
Likelihood methods using Phylip (Felsenstein, 1994) and fastDNAml (Olsen, 1994). 
The trees displayed are based upon data obtained from the RDP (Maidak, et al., 
1994). These relationships were confirmed using additional analysis methods based 
upon maximum parsimony using PAUP (Swofford, 1993), and neighbor-joining using 
Clustal (Higgens, 1991) and GCG (Devereux, 1994), These trees are shown only to 
indicate approximate evolutionary relationships between these organisms. No attempt 
was made to clearly define the branching order between closely related sequences 
(and thus define the common ancestry and evolutionary lineages of these organisms). 

The length of the horizontal branches are proportional to the extent of sequence 
divergence among these sequences. Therefore, these figures show both the inferred 
evolutionary relationships and the extent of evolutionary change. For the purposes of 
environmental monitoring by PCR, we are only concerned with the sequence 
relationships and how these organisms can be grouped together. The prokaryotic 
evolutionary tree clearly shows the division between gram-negative and gram-positive 
organisms. Other relationships are as expected, and these groupings formed the basis 
of determining primer/probe combinations that could be used in a hierarchical 
detection scheme. 

Primer and Probe Prediction 

Using the data from the above analyses, a set of PCR primers and TaqMan probes 
were predicted that could be used in a PCR-based environmental monitor. These 
primers and probes were predicted with the aid of the OUGO program (Rychlik, 1994) 
along with direct visualization of the alignment — looking for regions showing the 
appropriate conservation and/or divergence necessary for the indicated specificity. 
OLIGO was initially used to derive a set of compatible PCR primer pairs that meet all of 
the criteria indicated above. Each of these primer pairs were than located on the 
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sequence alignment and visually analyzed to determine primer pairs that would best 
satisfy the criteria of providing a set of universal primers for amplifying prokaryotic 
sequences, and another set for eukaryotic sequences. After these sets of universal 
PCR primer pairs were established, a combination of OLIGO and direct visualization 
was again used within the confines of the PCR-amplified product, to predict sets of 
TaqMan probes that again satisfy the criteria outlined above for optimal probe design. 
The primers and probes that resulted from this analysis meet the above criteria to the 
extent possible for optimal activity. Empirical testing will of course need to be 
performed to ensure the adequacy of these oligos for their intended purpose. This 
includes assaying for the desired sensitivity to amplify and detect the indicated 
organisms, and the desired specificity in only detecting the intended group of 
organisms. 

The location of the PCR primers and the TaqMan probes are indicated on the 
sequence alignments in figures 7.1 and 7.2. The sequences of these primers and 
probes, their locations, and their predicted melting temperatures (T m ) are listed in 

table 7.2. 
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Table 7.2. PCR Primers and TaqMan Probes 
Prokaryotic 


Name 

Sequence 

Location 

Description 

T m °C 

I PCR Primers 




u 

GGGGAGCAAACAGGATTAGA 

E-coli:773U20 

Universal Upper 

64.0 

L 

AAGGGCCATGATGACTTGAC 

E-coli: 1 193L20 

Universal Lower 

64.1 

Probes 





Uni 

CCTGGTAGTCCACGCCGTAAACGAT 

E-coli:796U25 

Universal 

76.8 

GmP 

TGAGTGCTAAGTGTTAGGGGGTTTCC t 

Stp-aur:U828 

Gram Positive 

73.7 

Enteric 

TCGACTTGGAGGTTGTGCCC TTGAG t 

E-coli:822U25 

E. coli, Vibrio, 

77.8 




Salmonella sp. 


Legion 

TGAAAAT AATTAGTGGC GC AGC AAA t 

Leg-Pne:842U25 

Legionella sp. 

72.9 

Burk 

TTGTTGGGGATTCATTTCCTTAGTAAC t 

Bur-Cep:824U27 

Burkholderia 

71.2 

Ps 

TCCTTGAGATCTTAGTGGCGCAGCT 

Ps-Aeru:833U25 

Pseudomonas sp. 

75.2 

Thb 

TGGGTACTAGACGTTGGGAGGTTTAt 

Thb-Fer:661U25 

Thiobacillus 

70.9 

Myco 

TAACTAACGAAAGGGGTTGCGCTCGt 

Upl-Ure:1094L25 

Mycoplasma sp. 

77.2 


Eukaryotic 


Name 

Sequence 

Location 

Description 

|ggj I 

PCR Primers 

U ACATCTAAGGAAGGCAGCAG 

Crp:371 U20 

Universal Upper 

61.8 

L 

CGATCCCCTAACTTTCGTTC 

Ent:952L20 

Universal Lower 

63.8 

G-U 

ACATCCAAGGACGGCAGCAG 

Gir:322U20 

Girardia Upper 

70.3 

G-L 

GCCTTCGCCCTTGATTGACA 

Gir:713L20 

Giardia Lower 

70.4 

Probes 

Fungi 

CTTTTGGGTCTCGTAATTGGAATGAt 

Asp:489U25 

Aspergillus, 

71.2 

Crp 

CAATACAGGGCCTAACGGTCTTGTAt 

Crp:440U25 

Candida, 

Cryptococcus 

Cryptosporidium 

71.4 

Ent 

TGTTCCTTTTAATCCTTCTCTCGAAt 

Ent:827L25 

Entamoeba 

68.6 

Gir 

CGGTCTCGGCGGGATCATCCTGTTT 

Gir:656L25 

Giardia 

82.1 
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Table 7.2. PCR Primers and TaqMan Probes. The composition of the predicted optimal 
PCR primers and TaqMan probes are listed for prokaryotic and eukaryotic monitoring. 
The oligo sequences are written 5' to 3’ in the orientation necessary for synthesis. 
Therefore for upper strand oligos, the indicated sequence is the same as what would 
be seen in the sequence alignments (Figures 7.1 and 7.2), while for lower strand 
oligos, the sequence shown represents the reverse-complement of the sequence in 
the sequence alignments. 

A lower case t at the 3’ end of a probe sequence indicates the necessary addition of a 
non-templated T to the end of the probe to which the TAMRA quencher will be added. 
The fluorescent reporter dye should be added to the base at the 5’ end of the probe 
sequences. 

The oligo location indicates the organism from which the sequence information was 
derived, the number of the sequence base (this number excludes gaps introduced for 
alignment purposes) at the left-most position of the oligonucleotide as the sequence is 
viewed in the 5’ to 3’ direction of the rRNA. Therefore for oligos derived from the upper 
DNA strand (U in the location designation), this number represents the base at the 5’ 
end of the oligonucleotide. For oligos derived from the lower DNA strand (L in the 
location designation), this number represents the base at the 3’ end of the 
oligonucleotide. The L or U designation in the location is followed by a number 
indicating the length of the oligonucleotide. 

The melting temperature — T m of each oligo is predicted using the nearest-neighbor 

method as implemented by the program OLIGO. These are indicated for reference 
purposes and are useful in comparing the melting temperature properties of one oligo 
to another, but the actual melting temperatures will vary with reaction conditions, and 
will have to be determined empirically. 

The PCR primers consist of a set of universal forward and reverse oligos that should 
be able to amplify DNA from any of the prokaryotic organisms, and another set for the 
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eukaryotic microorganisms with the exception of Giardia. An alternate set of PCR 
primers was necessary for Giardia due to the extensive divergence of it’s ssu rRNA 
sequence from the other eukaryotic organisms. 

The TaqMan probes consist of a number of different probes designed to detect 
particular groupings of organisms based upon similarities in specific regions of their 
ssu rRNA sequences. These groupings are shown in figures 7.5 and 7.6. along with 
the intended targets for each of the TaqMan probes. The prokaryotic probes are 
designed to detect either all of the organisms using a universal probe; a probe for 
gram-positive organisms; a probe for mycoplasma species; a probe to detect gram- 
negative enterics including E. coli, Vibrio, and possibly Salmonella species; a 
Legionella- specific probe; two probes specific for different species of Burkholderia and 
Pseudomonas; and a Thiobacillus-spectf\c probe. 

In addition to the organisms specifically analyzed in Figures 7.1 and 7.2, the universal 
probe should also detect most other organisms that might be of concern as 
environmental contaminants. The universal prokaryotic probe falls within an extremely 
conserved domain of the prokaryotic ssu rRNAs. All prokaryotic organisms examined, 
including many organisms not specifically mentioned here, should be detected by this 
probe. We specifically looked at the ability of the universal probe to detect several 
organisms that may prove to be rare environmental contaminants, but would be 
important, never-the-less, to be detected by an environmental monitor. These include 
Listeria, Corynebacterium, Acinetobacter, and Alteromonas species. All of these 
organisms should be detected by the universal probe. If deemed necessary, probes 
specific for the detection of these, and other possible environmental contaminants can 
be designed and tested, using the same procedures outlined in this report. 

The Legionella probe should efficiently detect all types of Legionella pneumophila. 
Sequence analysis also indicates that it may also function as a universal Legionella 
probe detecting other Legionella species as well. Only empirical testing will ensure the 
applicability of this probe as a universal Legionella probe. Alternatively, universal 
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primer/probe combinations already described in the literature may be used as desired 
(Paszko-Kolva, et al., 1995). 

The Pseudomonas probe should efficiently detect Pseudomonas aeruginosa. 
Sequence analysis also indicates that it might function as a universal Pseudomonas 
probe detecting other Pseudomonas species as well. The diversity of ssu rRNA 
sequences between different Pseudomonas species makes prediction of a universal 
Pseudomonas probe difficult. Only empirical testing will ensure the applicability of this 
probe as a universal Pseudomonas probe. 

For the eukaryotic microorganisms, a universal fungi probe was designed to detect the 
presence of various Fungi including Aspergillus, Candida, and Cryptococcus species. 
Cryptococcus is not specifically listed in Table 7.3 or Figure 7.2, but analysis of 
Cryptococcus ssu rRNA sequences indicates that it should be detected using this 
probe. Specific probes were also designed to detect Cryptosporidium, Entamoeba , or 
Giardia species . It was not possible to design a universal eukaryotic probe due to the 
more extensive divergence of these ssu rRNA sequences in comparison to the 
prokaryotic sequences. 

Primer and Probe Analysis 

To ensure to the extent possible that the set of primers and probes predicted above 
satisfy the criteria for sensitivity and specificity of detection, a feature of the OLIGO 
program was used to quantify the ability of each of the oligos to hybridize to the 
different ssu rRNAs. OLIGO includes a priming efficiency (PE) statistic that attempts to 
infer the binding probability of a specific oligo to a specific sequence. The PE statistic 
includes analysis of base content, sequence mismatches, duplex stability, and 
terminal stability of the oligo. Table 7.3 lists the PE for all prokaryotic and eukaryotic 
primers and probes, along with the intended PCR product size and location for each of 
the ssu rRNA sequences. 
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Table 7.3: PCR Product; PCR Primer; and TaqMan Probe Statistics 


| Prokaryotic 

PCR Product 

PCR Primers 



TaqMan Probes 





Size 

Start 

End 

u 

L 

Uni 

GirtP 

Enteric 

Legion 

Burk 

Ps 

Thb 

iV/v 

| Max . P.E.: 

440 

437 

562 

552 

540 

538 

533 

542 

507 

566 

B-coagu 

439 

774 

1 193 

311 

290 

562 

448 

109 

87 

65 

95 

97 

389 

Bur-cep 

435 

767 

1182 

440 

368 

465 

138 

66 

165 

533 

128 

91 

403 

Bur-pic 

Eco-avi* 

435 

725 

1 140 

440 

368 

465 

152 

80 

165 

533 

128 

91 

384 

Eco-fcm 

Eco-fae* 

440 

792 

1212 

440 

290 

562 

420 

197 

212 

120 

0 

64 

413 

E-col i 

440 

773 

1193 

440 

437 

562 

123 

540 

170 

81 

130 

13 

379 

Leg-pne 

442 

773 

1 195 

440 

437 

456 

140 

85 

538 

71 

105 

86 

404 

Mic-Luteus 

443 

752 

1175 

381 

290 

291 

174 

97 

114 

67 

158 

115 

340 

M-ferme 

426 

768 

1 174 

440 

245 

249 

108 

14 

190 

147 

282 

110 

414 

M-homin 

377 

766 

1123 

440 

245 

562 

101 

38 

178 

84 

207 

32 

442 

M-Pneum 

418 

771 

1169 

338 

290 

410 

91 

31 

138 

65 

108 

77 

466 

Ps-aeru 

Salmonella* 

440 

767 

1187 

440 

437 

562 

144 

205 

255 

96 

542 

63 

412 

Stp-aureus 

442 

781 

1203 

\ 374 

290 

562 

542 

24 

149 

163 

203 

31 

371 

Stp-epider 

440 

782 

1202 

374 

290 

562 

542 

24 

155 

65 

203 

31 

371 

Stp-haemo 

440 

773 

1193 

374 

290 

562 

542 

142 

149 

65 

203 

31 

371 

Stp-homin 

440 

773 

1193 

374 

290 

562 

542 

24 

149 

65 

203 

31 

371 

Stp-saprop 

Stp-war* 

442 

754 

1 176 

374 

290 

562 

542 

131 

149 

65 

203 

88 

371 

Stc-bovis 

440 

781 

1201 

440 

290 

562 

313 

192 

167 

137 

108 

184 

459 

Stc-equins 

440 

675 

1095 

440 

290 

512 

303 

93 

184 

139 

268 

190 

460 

Thb-fer** 

308 

614 

902 

440 

298 

562 

150 

98 

176 

44 

0 

507 

372 

Upl-ure 

415 

772 

1 167 

383 

290 

410 

0 

11 

126 

38 

143 

158 

566 

V-chole 

441 

771 

1192 

440 

437 

562 

122 

375 

181 

17 

21 

13 

366 

V-parah 

441 

771 

1192 

440 

437 

479 

122 

378 

181 

33 

103 

58 

366 

V-vulni 

441 

771 

1192 

440 

437 

456 

122 

393 

181 

65 

103 

64 

366 



Eukaryotic 

PCR Product 

PCR Primers 

TaqMan Probes 


Size 

Start 

End 1 

u 

L 

G-U 

G-L 



Ent 

Gir 



Max . 

P.E.: 

420 

443 

465 

476 

508 

523 

490 

594 

Asp-fumi 

583 

408 

971 

383 

443 

388 

108 

508 

24 

121 

204 

Cnd-albc 

570 

408 

958 

387 

443 

388 

108 

439 

295 

204 

79 

Crp-parv 

557 

371 

908 

420 

443 

338 

108 

323 

523 

153 

92 

Ent-hist 

567 

405 

952 

383 

443 

304 

175 

111 

92 

490 

93 

Gir-lamb 

411 

322 

713 

339 

1 1 

465 

476 

51 

98 

0 

595 

Human 

591 

458 

1029 

387 

278 

388 

116 

320 

260 

95 

78 

E-col i 

443 

338 

761 

279 

100 

234 

112 

82 

7 

42 

103 


* No sequence information available within the PCR primer region 
** Limited sequence information within the PCR primer region 
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Table 7.3: PCR Product; PCR Primer; and TaqMan Probe Statistics. For each 
prokaryotic and eukaryotic organism listed in table 7.1, the size and the start and stop 
positions (numbered excluding alignment gaps) of the expected PCR product using 
either the universal prokaryotic or eukaryotic primers is shown. For Girardia lamblia, 
the Giardia-specific PCR primers are used. 

For each of the different PCR primers and TaqMan probes, the priming efficiency (PE) 
value as calculated by the program OLIGO is shown for each organism. The higher the 
PE value, the greater the chance that the indicated oligo will hybridize to the indicated 
sequence. Values above 250 are highlighted in bold type. 

These PE statistics provide a rough guide as to the potential sensitivity and specificity 
of each of the primers and probes. As indicated previously, all of these combinations 
will need to be tested empirically because the PE values may not necessarily 
represent the true ability of some of the probes to function as intended. For example, 
the mycoplasma- specific probe shows high PE values for all of the prokaryotic ssu 
rRNA sequences. Even though the mycoplasma sequences show the highest values, it 
might be assumed that this probe would act more as a universal probe rather than a 
mycoplasma- specific probe. In this instance the PE values may be misleading. For a 
TaqMan probe to function, it is important that the 5’ end of the probe be efficiently 
base-paired to the sequence template to allow for the nuclease activity of the Taq 
polymerase to cleave the 5’-fluorescently-labled base of the probe away from the rest 
of the probe oligo and the TAMRA quencher on the 3’ end. The mycoplasma-spectf\c 
probe shows a fair degree of homology to non -mycoplasma sequences at the 3’ end of 
the probe. Much less homology exists at the 5’ end of this probe to non -mycoplasma 
sequences. Therefore, we would predict that in spite of the high PE values for non- 
mycoplasma sequences, this probe may still function specifically to detect only ssu 
rRNAs from mycoplasma species. 
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Limitations of Computer Prediction 

All of the analyses performed for section 7 rely on translating molecular biological 
knowledge into computer programs that try to make biological predictions based upon 
our current understanding of biological processes. While these programs provide a 
useful basis to make the sorts of predictions seen above, the limitations of these 
predictions must always be considered. The process of primer and probe prediction is 
necessarily a reiterative one in which the initial computer-predicted oligos are tested in 
the laboratory by using them to detect samples of actual microorganisms under 
conditions that come as close as possible to those utilized by an environmental 
monitor. Following the initial round of laboratory testing, primer and probe sequences 
will need to be refined as necessary, and the testing repeated until the desired 
characteristics are obtained. This process should eventually lead to a functional and 
efficient monitor for the detection of microorganisms in environmental samples. 
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